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1 Introduction
1.1 Arabidopsis as a genetic model
The model plant Arabidopsis thaliana (Thale Cress) is a dicotyledonous angiosperm.
It is ideally suited to genetic investigation due to its short generation times, small size,
amenability to genetic manipulation and ease of culturing [Koornneef and Meinke, 2010].
The Arabidopsis genome sequence was published in 2000 [The Arabidopsis Genome,
2000]. The annotated genome is a key tool for plant research [Lamesch et al., 2011],
as are the available libraries of mapped TDNA insertions. Despite the increasing
availability of genetic tools for nonmodel plant species with direct economic importance
such as Oryzae sativa [Sequencing Project, 2005], Hordeum vulgarae [Mayer et al., 2012]
and Vitis vinifera [Doligez et al., 2006], basic genetic research in Arabidopsis remains
an important facet of plant research.
1.2 Flowering time in Arabidopsis
Plants ﬂower in response to a cumulation of internal and external cues. The pathways
responsible for tuning the time of the switch of growth habit from vegetative to repro-
ductive growth have been extensively studied in Arabidopsis; they include day length,
vernalization/cold exposure, plant age and the autonomous pathways (Fig. 1.1). As
a long-day plant, Arabidopsis ﬂowers in response to the lengthening of days in spring,
possibly because being native to the northern hemisphere it is able to take advantage
of the longest growing season without extreme heat having an adverse eﬀect on its sur-
vival. Conversely, many crop plants are short-day plants, ﬂowering in response to the
shortening days of autumn or lengthening days of spring so as to avoid extreme heat
and drought in the middle of harsher summers. Some plants also ﬂower independently
of day length.
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1.2.1 The Role of FT/Florigen
In Arabidopsis, the pathways controlling the timing of the ﬂoral transition culmi-
nate in the transcription and expression of FLOWERING LOCUS T (FT) in phloem
companion cells [Mathieu et al., 2007]. FT is a small mobile 20 kDa protein, and its
transport via phloem sieve elements to the shoot apical meristem (SAM), is controlled
by the ER localised protein FT INTERACTING PROTEIN 1 (FTIP1) [Liu et al.,
2012b]. While a role for mobile FT mRNA in promoting the ﬂoral transition has not
been ruled out, it has been shown that the transport of FT protein from the phloem
companion cells to the SAM is suﬃcient to trigger the ﬂoral transition [Mathieu et al.,
2007]. FT has been shown to act with partial redundancy to its closest paralog, TWIN
SISTER OF FT (TSF ) [Yamaguchi et al., 2005]. When it reaches the SAM, FT phys-
ically interacts with the basic leucine zipper (bZIP) transcription factor FD, which is
expressed there [Abe et al., 2005].
APETELA 1 (AP1 ) is a MADS transciption factor, which functions as a ﬂoral meris-
tem identity gene, and is required for the ﬂoral transition [Irish and Sussex, 1990]. As
a complex, FT and FD promote expression of AP1 at the SAM, [Wigge et al., 2005],
but it is unclear whether this is a direct interaction because the putative FD-binding
region of the AP1 promoter is not required for AP1 activation. Meanwhile, the LEAFY
(LFY) binding site in the AP1 promoter is required for the photoperiod-dependent up
regulation of AP1 [Benlloch et al., 2011], and it has been shown that LFY directly ac-
tivates AP1 [Wagner et al., 1999]. SQUAMOUS PROMOTER BINDING LIKE (SPL)
proteins have been hypothesised to form a separate pathway mediating the expression
of LFY, AP1 and FRUITFUL (FUL). The SPLs are transcription factors which are
miRNA targets (speciﬁcally mir156). Mir156 decreases in abundance as the plant ages,
only allowing SPL expression in a mature plant. This helps to ensure that the plant
does not undergo the ﬂoral transition too early [Wang et al., 2009]. It has been shown
that LFY, AP1 and FUL are directly upregulated by SQUAMOUS PROMOTOR
BINDING LIKE PROTEIN 3 (SPL3) [Yamaguchi et al., 2009].
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1.2.2 Day Length Detection
As FT is a key signal in implementing the ﬂoral transition, its expression is the target
of a number of upstream input pathways. A key pathway of the regulation of FT acts
through CONSTANS (CO). CO transcription is upregulated in response to length-
ening days, an external signal that is transduced via GIGANTIA (GI ) and FLAVIN
KERCH F BOX 1 (FKF1 ), two circadian clock components [Andrés and Coupland,
2012; Song et al., 2012]. FKF1 senses light via its attached chromatophore, triggering
a lightdependent reaction with GI. This complex acts to increase the degradation of
CO transcription blocking CYCLING DOF FACTORS (CDF s) during the day, releas-
ing the repression on the transcription of CO and allowing its expression. This is an
eﬀective means to detect long days, as it is only when a threshold daylength is reached
that GI-FKF1 complexes accumulate to the levels that are able to suﬃciently degrade
CDFs, allowing derepression of the transcription of CO [Sawa et al., 2007].
CO levels are also regulated post-translationally: a ubiquitin ligase complex includ-
ing CONSTITUITIVE PHOTOMORPHOGENIC 1 (COP1) and SUPRESSOR OF
PHYTOCHROME A (SPA1) is responsible for ubiquitylation of CO, facilitating its
breakdown by the 26S proteosome in the dark. This is essential for CO's role in long
day detection, as it ensures that any residual CO protein is broken down overnight,
meaning that CO protein can only accumulate at the end of a long day, and not as a
cumulative result of CO expression over a number of consecutive short days. The COP-
SPA1 complex is inhibited from degrading CO during the day by CRYPTOCHROME
2 (CRY2) and PHYTOCHROME A (PHYA), allowing CO to accumulate during long
days. CRY2 is a blue-light receptor which interacts with SPA1 in a light-dependent
manner, inhibiting the proteolysis of CO during the day [Zuo et al., 2011]. SUPPRES-
SOR OF PHYA-105 (SPA) proteins have also been shown to contribute to instability
of CO protein in the morning. Plants containing spa mutant alleles show an increase
in FT transcript level but no change in CO transcript levels, supporting the idea that
SPA proteins interfere with the action of CO posttranscriptionally [Laubinger et al.,
18
2006]. Thus, Arabidopsis is able to detect when day length crosses a threshold, and
input this information into ﬂowering time determination via the regulation of FT by
CO.
An additional gene which acts as an integrator of signals into the Arabidopsis ﬂow-
ering time pathways is SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1 ),
sometimes referred to as AGAMOUS-LIKE 20 (AGL20 ) [Moon et al., 2003]. SOC1
was identiﬁed as a suppressor of the early ﬂowering phenotype of overexpressed CO
[Onouchi, 2000]. SOC1 expression is reduced in the autonomous pathway mutant, fca
1, though this is likely to be indirect regulation via FLC [Samach et al., 2000]. SOC1
has been shown to positively regulate the expression of LFY in the SAM by gibberellin
mediated signalling [Moon et al., 2003], which activates the LFY promotor [Blazquez,
1998].
1.2.3 Regulation of FLC expression
1.2.3.1 Vernalization, and epigenetic regulation of FLC
Arabidopsis ecotypes are divided into winter annuals which require vernalization (ex-
posure to an extended period of cold) to ﬂower in laboratory long day conditions, and
summer annuals which do not require vernalization to ﬂower in laboratory long day
conditions. The requirement for vernalization in winter-annual Arabidopsis ecotypes
maps to a single locus: FRIGIDA (FRI ) [Michaels et al., 2004; Johanson et al., 2000].
FRI contains two coiled-coil domains, and plants without a functional copy of FRI are
summer annuals, without the requirement for vernalization. The ability of FRI to in-
ﬂuence the ﬂowering time pathways is dependent on the presence of a functional copy
of FLC, so it can therefore be said to function upstream of FLC in the ﬂowering time
pathway [Lee et al., 1994b; Koornneef et al., 1994].
Epigenetic marks on chromatin allow the up- and down-regulation of gene tran-
scription in eukaryotic organisms. Polycomb group (PcG) proteins are involved in the
deposition of repressive epigenetic marks, and trithorax group (trxG) proteins are in-
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volved in the deposition of activatory epigentic marks [Schuettengruber et al., 2007].
Epigenetic marks deposited by PcG proteins have been shown to interfere with gene
expression by blocking transcription [King et al., 2002].
The POLYCOMBREPRESSIVE COMPLEX 2 (PRC2), conserved throughDrosophila
and humans to Arabidopsis, is responsible for the deposition of the repressive epigenetic
H3K27me3 mark (trimethylation of lysine 27 on histone 3) [Schwartz and Pirrotta,
2008]. ENHANCER OF ZEST 1/2 (EZH1/2) forms a complex with EXTRA SEX
COMB (ESC) (sometimes called EEC). Other core components of the PRC2 complex
in mammals and Drosophila include SUPRESSOR OF ZEST (SUZ12), and P55 (also
known as RbAp46/48) [Hennig and Derkacheva, 2009; Margueron and Reinberg, 2011;
Chanvivattana et al., 2004; Tie et al., 2001]. The H3K27me3 is then removed by LY-
SINE DEMETHYLASE 6A (KDM6A) and LYSINE DEMETHYLASE 6B (KDM6B),
jumonji domain-containing histone demethylases [Agger et al., 2008] (Fig. 1.2).
In Arabidopsis, the EZH2 homologues are CURLY LEAF (CLF), SWINGER (SWN),
MEDEA (MEA), the ESC/EEC homologue is FERTILISATION INDEPENDENT EN-
DOSPERM (FIE), the three SUZ12 homologues are EMBRYONIC FLOWER 2 (EMF2),
FERTILISATION INDEPENDENT SEED 2 (FIS2) and VERNALIZATION 2 (VRN2),
and the ﬁve P55 homologues are MULTICOPY SUPRESSOR OF IRA 1 (MSI1-5).
Thus, there are a total of twelve Arabidopsis homologues for the four core PRC2 com-
ponents [Hennig and Derkacheva, 2009]. However, phylogenetic analysis reveals no
plant KDM6a or KDM6b homologues in Arabidopsis or rice [Lu et al., 2008]. This
histone de-methylase function is fulﬁlled by RELATIVE OF EARLY FLOWERING 6
(REF6) [Lu et al., 2011] (Fig. 1.2).
In Drosophila and humans, the H3K27me3 mark is recognised by the POLYCOMB
REPRESSIVE COMPLEX 1 (PRC1) through the polycomb (PC) homedomain. The
PRC1 ubiquitinates H2AK119 (lysine 119 on histone 2A); this modiﬁcation seems par-
ticularly important for chromatin compaction and gene repression [Zhou et al., 2008].
In Drosophila, the PRC1 complex consists of POLYCOMB (PC), POLYHOMEOTIC
21
Drosophila PRC2 
Arabidopsis PRC2
Figure 1.2: PRC2 complexes in Drosophila and Arabidopsis (adapted from Margueron
and Reinberg [2011]). Known Arabidopsis homologues of Drosophila PRC2 complex
members are indicated in corresponding coloured shapes in each complex.
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(PH), (which has two paralogues POLYHOMEOTIC-PROXIMAL (PH-P) and POLY-
HOMEOTIC-DISTAL (PH-D)), REALLY INTERESTING NEW GENE 1 (RING1)
(the product of SEX COMBS EXTRA (SCE)), and POSTERIOR SEX COMBS (PSC).
As there are no clear Arabidopsis homologues for most PRC1 components and H2A
ubiquitination has not been detected, the existence of an Arabidopsis PRC1 is debated
[de Napoles et al., 2004; Zhang et al., 2007]. However, Arabidopsis homologues of RING
ﬁnger proteins B LYMPHOMA MO-MLV INSERTION REGION 1 A and B (BMI1A
and BMI1B) have been demonstrated to mediate H2A monoubiquitination [Bratzel
et al., 2010].
FLC is able to react to vernalization quantitatively via an epigenetic mechanism
involving the Polycomb Repressive Complex 2 (PRC2) and FLC chromatin. During
prolonged exposure to cold temperatures the H3K27me3 mark accumulates at a nucle-
ation peak near FLC exon I, reaching saturation after around 4 weeks exposure to cold.
On the plant being returned to the warmth, the H3K27me3 mark is propagated across
the locus, resulting in the stable repression of FLC and enabling the downstream ﬂoral
transition [Angel et al., 2011].
The PRC2 complex required for the deposition of H3K27me3 at the FLC locus con-
sists of VRN2, SWN, FIE and MSI1. The vernalization response involves the interaction
of the PRC2 complex with the PROTEIN HOMEODOMAIN (PHD) ﬁnger motif con-
taining proteins VERNALIZATION INSENSITIVE 3 (VIN3), VERNALIZATION 5
(VRN5) and (VEL1). The resulting complex is referred to as the PHD-PRC2 complex.
It has been demonstrated that VRN2 associates with FLC chromatin independent of
cold exposure, but that VRN5 association with the FLC locus, especially in a region
corresponding to the beginning of FLC intron 1, is enriched during and following pro-
longed exposure to cold [De Lucia et al., 2008]. This dynamic, vernalization-dependent
occupancy of the FLC locus by VRN5 is a key signal for the vernalization pathway.
It has also been shown that LIKE HETEROCHROMATIN PROTEIN 1 (LHP1 ) is
required for the vernalization response [Mylne et al., 2006]. The PRC2 complex is also
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able to spread H3K27me3 by binding existing marks and methylating nearby nucleo-
somes, in a positive feedback mechanism that would help maintain the FLC repression
through rounds of mitosis after return to the warm [Sung and Amasino, 2004]. The
PHD-PRC2 complex associates mainly with a nucleation region around the beginning
of FLC intron I during exposure to cold, and the signal is only spread across the locus
after the plant is returned to the warmth. VIN3 and VRN5 occupancy of the nucle-
ation region increases with increasing exposure to cold, saturating after 4 weeks. This
directs H3K27me3 deposition by the PHD-PRC2 complex, but mostly in the nucleation
region. After being returned to the warmth, VRN5 is seen to spread across the FLC
locus, while VIN3 levels return to pre-cold exposure levels. The positive feedback mech-
anism spreading of the H3K27me3 mark across the locus is proportional to the length
of vernalization, and must be started before VIN is cleared from the nucleation region
in the days following the plant's return to warmth [Angel et al., 2011; De Lucia et al.,
2008]. Repressing the transcription of FLC removes the repression on downstream
ﬂowering time pathways, enabling the ﬂoral transition.
1.2.3.2 FLC and noncoding RNAs
A number of input pathways impact the expression of FLC, so FLC acts as an integrator
of the ﬂowering time pathways. As well as the FLC transcript, both sense and anti
sense long noncoding RNAs are transcribed across the locus (Fig. 1.3); the antisense
transcripts are referred to as COOLAIR (cold induced long antisense intragenic RNA)
[Swiezewski et al., 2009], and the sense transcript COLDAIR (cold assisted intronic
noncoding RNA) [Heo and Sung, 2011]. Through a suppressor mutant screen, it was
found that 3′ processing factors CLEAVAGE STIMULATION FACTOR 64CSTF64
and CLEAVAGE STIMULATION FACTOR 77 CSTF77 were required for FCA to
inhibit FLC expression, and that this mechanism involves the inﬂuencing of alternative
polyadenylation site choice in COOLAIR [Liu et al., 2010]. Both autonomous pathway
members FPA [Hornyik et al., 2010] and FCA [Liu et al., 2010] promote the proximal
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polyadenylation site choice in COOLAIR transcripts, leading to an increase in the
abundance of class I and a corresponding decrease in the abundance of class II anti
sense transcripts (Fig. 1.3).
However, it has been demonstrated that COOLAIR transcription is not required for
the initiation of FLC repression; ﬂc-20 has a T-DNA insertion within FLC intron I.
When ﬂc-20 plants are vernalized, FLC transcription decreases, but the increase in
abundance of class I COOLAIR that is seen in the wildtype background is not seen
in ﬂc-20 [Helliwell et al., 2011]. This suggests that the alternative polyadenylation of
COOLAIR transcripts could be an eﬀect, rather than the cause, of FLC repression.
The vernalization response element (VRE) is a 289 bp region in FLC intron I, the
deletion of which was found to be suﬃcient to prevent the maintenance of FLC silencing
following vernalization [Sung et al., 2006] (Fig. 1.3). COLDAIR was identiﬁed by
tiling RT-PCR across the FLC locus as a consecutive region from which transcription
is increased during cold exposure [Heo and Sung, 2011]. Interestingly, the promoter
element of COLDAIR is found within the previously identiﬁed VRE.
1.2.3.3 Transcriptional regulation of FLC
A further candidate identiﬁed from the mutant screen for factors required for FCA
to suppress FLC was CYCLIN DEPENDENT KINASE C (CDK;C ) [Wang et al.,
2014]. CDK;C is a member of the positive transcription elongation factor b complex
(P-TEFb); the role of P-TEFb in transcription is discussed more generally in section
1.3.2, but it is involved in phosphorylation of Ser2 in the RNA Polymerase II (PolII)
Cterminal domain [Barrôco et al., 2003; Guo and Stiller, 2004]. FLC expression is
increased in a cdk;c background, while both transcription from the COOLAIR promoter
and residency on the COOLAIR promoter of Ser2 phosphorylated PolII were decreased.
While a general decrease in transcription might be expected when a key transcription
factor is mutated, it is interesting that the opposite (an increase in transcription and
residency of Ser2 phosphorylated PolII) was seen at the FLC locus in the cdk;c lines
25
F
ig
u
re
1.
3:
F
L
C
lo
cu
s
an
d
n
on
c
o
d
in
g
tr
an
sc
ri
p
ts
(r
ep
ro
d
u
ce
d
fr
om
R
at
a
j
an
d
S
im
p
so
n
[2
01
3]
).
T
h
e
F
L
C
ge
n
e
tr
an
sc
ri
p
t
is
in
d
ic
at
ed
at
th
e
to
p
of
th
e
ﬁ
gu
re
;
th
e
ve
rn
al
iz
at
io
n
re
sp
on
se
el
em
en
t
(V
R
E
),
co
n
ta
in
in
g
C
O
L
D
A
IR
(a
lo
n
g
in
tr
on
ic
n
on
c
o
d
in
g
R
N
A
)
is
in
d
ic
at
ed
in
gr
ee
n
.
A
lt
er
n
at
iv
e
tr
an
sc
ri
p
ts
of
th
e
C
O
O
L
A
IR
an
ti
se
n
se
R
N
A
ar
e
sh
ow
n
in
b
lu
e,
w
it
h
se
q
u
en
ce
sp
li
ce
d
ou
t
in
d
ic
at
ed
w
it
h
n
ar
ro
w
gr
ey
li
n
es
.
26
[Wang et al., 2014]. This was presented as further evidence of a role for COOLAIR in
the regulation of FLC.
1.2.4 The Autonomous Pathway
The autonomous pathway is not a classical genetic pathway, but rather a collection
of factors which control the ﬂoral transition independent of day length, but remain sen-
sitive to vernalization [Simpson, 2004]. Autonomous pathway members include factors
involved in mRNA processing and epigenetic regulation. Lossoffunction mutations in
autonomous pathway loci result in late ﬂowering mutants with increased levels of FLC
transcript. This is consistent with autonomous pathway members enabling the ﬂoral
transition by repression of FLC.
1.2.4.1 FLK
From a T-DNA insertion screen randomly inserting the CaMV 35S enhancer sequence
into a Col0 genetic background, a mutant was identiﬁed with a severe delayed ﬂowering
phenotype and named ﬂk. FLK encodes for a Khomology domain containing protein.
Aside from delayed ﬂowering time, no other development defects have been detected
in ﬂk, indicating that FLK is primarily involved in ﬂowering time determination [Lim
et al., 2004]. FLK has recently been shown to posttranscriptionally regulate the ﬂoral
homeotic gene AGAMOUS (AG) [Rodríguez-Cazorla et al., 2015].
1.2.4.2 FLOWERING LOCUS D (FLD)
A late ﬂowering candidate from an EMS mutant screen of Col0 was selected and named
ﬂd. FLOWERING LOCUS D (FLD) was mapped according to microsatellite analysis
[Sanda and Amasino, 1996]. FLD is a homologue of a protein found in mammalian
histone de-acetylase complexes. ﬂd mutant lines show upregulation of FLC, and a
corresponding increase in histone hyperacetlyation in FLC chromatin [He et al., 2003].
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1.2.4.3 FVE
An fve mutant line was ﬁrst identiﬁed and characterised as an autonomous pathway
member in a Landsberg erecta (Ler) background in the original screen for mutations af-
fecting ﬂowering time determination in Arabidopsis [Eden and Braaksma, 1983; Koorn-
neef et al., 1994]. In addition to a vernalizationsensitive late ﬂowering phenotype,
fve mutants also have abnormal vegetative and reproductive development phenotypes,
suggesting that, unlike FLD, FVE may have a more fundamental role in plant devel-
opment beyond ﬂowering time determination [Martinez-Zapater et al., 1995]. However,
similarly to FLD, FVE has been implicated in a histone deacetylation protein complex;
in the fve mutant, an upregulation of FLC and hyperactylation of histones in the FLC
locus were also observed [Ausín et al., 2004].
1.2.4.4 LUMINIDEPENDENS (LD)
A T-DNA insertion library [Feldmann, 1991] was screened for plants showing a late
ﬂowering phenotype. A late ﬂowering candidate was characterised as an autonomous
pathway member. LUMINIDEPENDENS (LD) was isolated, mapped and cloned [Lee
et al., 1994a]. It has recently been found to demonstrate prion behaviour in Arabidopsis
[Chakrabortee et al., 2016].
1.2.4.5 RELATIVE OF EARLY FLOWERING 6 (REF6 )
RELATIVE OF EARLY FLOWERING 6 (REF6 ) was identiﬁed as having the high-
est sequence similarity to EARLY FLOWERING 6 (ELF6 ), a Jumonji/Zinc-Finger
domain containing protein. elf6 mutants show an early ﬂowering phenotype, so it is
interesting that T-DNA insertion mutants of REF6 show an opposite late ﬂowering
phenotype [Noh et al., 2004]. As was mentioned above, REF6 has been shown to have
histone demethylase activity, and to be a component of the PRC2 [Lu et al., 2011].
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1.2.4.6 FCA and FY
FCA was identiﬁed as a member of the autonomous pathway in the initial mutant screen
[Koornneef et al., 1991]. It was mapped and characterised as encoding a putative RNA
binding protein with a WW protein interaction domain [Macknight et al., 1997]. FCA
produces four diﬀerent transcripts, as a result of alternative splicing and alternative
polyadenylation, and FCA is able to negatively autoregulate via these transcriptional
mechanisms, thus regulating its repression of FLC [Quesada et al., 2003]. It was re-
ported that FCA was able to bind abscisic acid (ABA) [Razem et al., 2006], but this
was shown to be based on an erroneous result [Risk et al., 2008].
FY was identiﬁed as an autonomous pathway member in the original screen [Koorn-
neef et al., 1991] and mapped [Koornneef et al., 1994], but its role was unclear until it
was found to physically interact with FCA via its WW domain [Simpson et al., 2003].
FY is a 3′ end processing factor and the FCAFY interaction is essential for the auto
regulation of FCA by an alternative polyadenylation site choice mechanism. It is thus
postulated that the RNAbinding protein FCA inﬂuences polyadenylation site choice
by binding the nascent FCAmRNA, tethering FY and so the 3′ end processing complex,
promoting polyadenylation at the alternative site.
1.2.4.7 FPA
FPA is an autonomous pathway member. It has three predicted Nterminal RNA
Recognition Motif (RRM) domains, and a predicted Cterminal SPlitends Orthologue
Cterminal (SPOC) proteinprotein interaction domain [Schomburg et al., 2001]. It
thus codes for a putative RNAbinding protein. Lossoffunction mutations in the
FPA locus include fpa-7 (a TDNA insertion line) and fpa-8 (an EMS point mutation).
FPA autoregulates by an alternative polyadenylation (APA) mechanism [Hornyik
et al., 2010]. In WT Col0 and Ler accessions, two RNA isoforms are seen on a Northern
blot. The longer isoform corresponds to the full length mRNA transcript and is said
29
to be distally polyadenylated as the polyadenylation site is furthest from the promoter.
The shorter isoform corresponds to a truncated transcript polyadenylated within intron
I, which is said to be proximally polyadenylated as the polyadenylation site is closest
to the promoter.
However, in fpa mutants only the distal form is seen, and in FPA overexpressing
lines with FPA under the control of the strong constitutive 35S promoter, the short
form is seen to accumulate while only a trace of the distal form remains [Hornyik et al.,
2010]. This is consistent with FPA autoregulation by an alternative polyadenylation
mechanism. The mechanism by which FPA represses FLC is unknown, but it has been
suggested that it could involve the regulation of antisense RNA transcripts at the FLC
locus.
1.3 Gene Expression
1.3.1 Transcription Initiation
In eukaryotes, protein-coding genes are transcribed by RNA polymerase II (RNAPII/Pol
II). The ﬁrst stage of transcription is recognition of the promoter elements upstream
of the gene by Transcription Factor II D (TFIID). In Arabidopsis, TFIID is com-
posed of TATA BOX BINDING PROTEIN 1 (TBP1), TATA BINDING PROTEIN 2
(TBP2) [Gasch et al., 1990] and 12-15 TBPAssociated Factors (TAFs). It has been
shown by PEAT (paired end analysis of transcription start sites) that the majority of
plant transcription start sites (TSSs) have TATA-less promoters [Morton et al., 2014].
TFIID then promotes the assembly of the PreInitiation Complex (PIC), comprising
six General Transcription Factors (GTFs) [Thomas and Chiang, 2006; Martinez et al.,
1994; Lawit et al., 2007], the mediator complex and RNAPII. The GTFs are TFIIA
[Li et al., 1999], TFIIB [Knutson, 2013], TFIID, TFIIE, TFIIF [Jishage et al., 2012],
and TFIIH [Vonarx et al., 2006]. The mediator complex is a key interface between
upstream transcriptional regulators and transcription machinery. In a complex puri-
ﬁed from Arabidopsis, 21 conserved and six Arabidopsisspeciﬁc subunits have been
identiﬁed [Bäckström et al., 2007].
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The PIC initially forms as a closed promoter complex. Promotor clearance, moving
from a paused PIC to productive transcription, is a key transition in gene regula-
tion; PolII requires separation of DNA strands before transcription can begin. Other
DNA-dependent polymerases are able to drive template opening themselves via an in-
tercalation mechanism [Luse, 2013]. However, TFIIH has been shown to be involved in
promoter melting, using ATPase activity to wrench apart the complementary strands to
from the open promoter complex, creating the transcription bubble [Kim, 2000]. Crys-
tal structures of RNAPII complexed to TFIIB reveal that it recruits RNAPII [Chen
and Hahn, 2003] and tethers it to the promoter by binding TBP and DNA. TFIIB
is also involved in scanning for a Transcription Start Site (TSS) and the formation
of the transcription bubble [Kostrewa et al., 2009]. As the nascent transcript reaches
seven residues, the beginning of the bubble begins to reanneal or collapse. This re-
leases RNAPII from TFIIB, allowing promoter escape and formation of an elongation
complex [Liu et al., 2009].
Negative transcriptional regulation can be achieved by blocking the transition from
PIC to elongation complex, maintaining RNAPII in a paused state. DRB Sensitivity
Inducing Factor (DSIF) and Negative ELongation Factor (NELF) [Missra and Gilmour,
2010] are important for pausing RNAPII in higher eukaryotes but NELF is absent from
A. thaliana, S. cerevisiae and C. elegans [Narita et al., 2003].
1.3.2 Transcription Elongation
During the transition from initiation to elongation, the C-terminal domain (CTD)
of Pol II undergoes a change from hypophosphorylation to hyperphosphorylation, pre-
dominantly at Ser2 and Ser5 [Sims et al., 2004]. The open promoter complex allows
PolII to begin transcribing a de novo RNA, however it is still not guaranteed that a
full length mRNA will be transcribed. The conversion from an initiation complex to a
stable elongation complex in eukaryotes is not complete until the collapse of the tran-
scription bubble when the nascent RNA is at least 7 nt, but more commonly 17-18 nt,
long [Pal et al., 2005; Luse, 2013]. Until this point, abortive transcription, backtrack-
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ing and transcript slippage are common barriers to a successful transition to productive
transcription [Saunders et al., 2006].
PolII pausing often occurs when transcribing the initial 100 nt of a transcript [Adel-
man and Lis, 2012]. The pause inducing factors DSIF [Wada et al., 1998] and NELF
[Yamaguchi et al., 1999] contribute to a paused elongation complex. DSIF is a het-
erodimer SUPPRESSOR OF TY 4 (hSPT4) and SUPPRESSOR OF TY 5 (hSPT5)
[Wada et al., 1998], and the transition to productive transcription is stimulated by P-
TEFb-mediated phosphorylation of hSPT5 Cterminal repeats [Yamada et al., 2006],
through a variety of mechanisms [Lenasi and Barboric, 2010], and is key to removing
barriers to productive transcription [Barboric and Lenasi, 2010; Cheng and Price, 2007].
As PolII active transcription occurs towards the 3′ of a gene, a shift in phosphorylation
is seen at the CTD, with an increase in Ser2 and decrease in Ser5 phosphorylation
[Shandilya and Roberts, 2012]. P-TEFb continues to have a role in Ser2 phosphorylation
[Cheng and Price, 2007], while Ser5 dephosphorylation is catalysed by SUPPRESSOR
OF SUA 7 2 (SSU72 ) [Reyes-Reyes and Hampsey, 2007].
1.3.3 Transcription termination
The elongation complex is incredibly stable, thus is is important that transcription
is actively terminated to ensure stable transcripts, and prevent runon transcription
of downstream genes [Nudler et al., 1996]. Two models have been proposed for the
eukaryotic transcription termination mechanism: the allosteric model and the torpedo
model [Rosonina et al., 2006].
In the allosteric model, antitermination factors associated with the transcribing
PolII CTD disassociate, to be replaced by termination factors. In support of this,
an interaction between yeast RNA15 (human homologue CSTF64) and SUB1 (human
homologue PC4) was identiﬁed as an antitermination factor [Calvo and Manley, 2005].
There is also evidence that bacterial Rhodependent termination is via an allosteric
mechanisms [Epshtein et al., 2010].
In the alternative torpedo model, the polymerase complex transcribes through the
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cleavage and polyadenylation sites. The premRNA is cleaved at the cleavage site and
the mRNA is polyadenylated at the 3′ end. The other end of the actively transcribed
transcript is attacked by a 5′ to 3′ exonuclease, which digests from the 5′ end of the fol-
lowing RNA, chasing down and destabilising the transcribing PolII complex [Rosonina
et al., 2006]. There is strong evidence that the yeast RAT1 [Park et al., 2015; Jimeno-
Gonzalez et al., 2014] and human XRN2 [West et al., 2004] are required for termination,
providing further support for the torpedo model. Three RAT1/XRN2 homologues have
been identiﬁed in the Arabidopsis genome [Zakrzewska-Placzek et al., 2010].
While there is evidence for both models, it is also possible that the mechanism of
transcription termination occurs as a combination of both. In Arabidopsis, the silencing
factor DICERLIKE 4 (DCL4 ) has also been shown to have role in transcriptional
termination [Liu et al., 2012a].
1.4 Pre-mRNA Processing
1.4.1 Capping
A crucial stage of PolIItranscribed RNA processing is the addition of the 5′ 7-
methylguanosine cap, which serves a number of purposes [Shatkin and Manley, 2000;
Gonatopoulos-Pournatzis and Cowling, 2014]. Fundamentally, the cap protects the
RNA from exonucleolytic degradation [Furuichi et al., 1977] but interactions with the
methyl cap have also been implicated in nuclear export [Lewis and Izaurﬂde, 1997;
Jarmolowski et al., 1994]. It has been shown that, in humans, the mRNA export ma-
chinery (TREX) is recruited to the methyl cap via an interaction between the TREX
component ALY and CAP BINDING PROTEIN 80 (CBP80) [Cheng et al., 2006]. Ad-
ditionally, the methyl cap plays a key role in splicing [Topisirovic et al., 2011] and
polyadenylation [Shatkin and Manley, 2000], and translation is also initiated via molec-
ular recognition of the methyl cap by the EUKARYOTIC INITIATION FACTOR 4F
(eIF4F) complex [Sonenberg and Hinnebusch, 2009]. While RNAs are generally capped
cotranscriptionally as factors required for the three step capping process bind the
PolII CTD [Perales and Bentley, 2009], evidence has been found for the cytoplasmic
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recapping of mRNAs [Schoenberg and Maquat, 2009].
1.4.2 Splicing
When a gene is transcribed, the pre-mRNA sequence consists of the coding exons in-
terspersed with noncoding introns, which must be removed before the mature mRNA
can be translated to protein. Splicing is fundamentally a twostep process of trans
esteriﬁcation reactions [Cook-Andersen and Wilkinson, 2015]. In the ﬁrst step, the 5′
splice site is cleaved and forms a covalent 2′, 3′ phosphodiester bond with the branch-
point adenosine. In the second step, the intron is cleaved at the 3′ splice site, the two
exons are ligated together and the intron is released as a lariat which is degraded in
turn. These reactions are mediated by a dynamic, stepwise assembly of a large ri-
bonucleoprotein complex collectively referred to as the spliceosome [Wahl et al., 2009].
The assembly of the splicesome is illustrated in Fig. 1.4. Initially, the U1 snRNP
binds the 5′ splice site of the intron, then the U2 snRNP binds the branch point, both
via base pairing with the nascent RNA. U1 and U2 then undergo conformational change
that brings the 5′ and the branch point/3′ splice site of the intron into close proximity
of each other, forming splicing complex A. A trisnRNP composed of U4/U6 and U5 is
then recruited, forming splicing complex B. A number of RNA helicases are required for
multiple RNA rearrangements and the activation of complex B, which then performs
the ﬁrst catalytic splicing step. This results in complex C: a free upstream exon, and
the inton lariatdownstream exon intermediate. The second catalytic step creates a
postspliceosomal complex in which the intron lariat has been completely spliced out,
the spliceosome then disassociates from the nascent RNA [Matera and Wang, 2014;
Wahl et al., 2009; Will and Luhrmann, 2011].
Alternative splicing is a common occurrence; 95% to 100% of multiexon human
genes have been found to undergo alternative splicing [Pan et al., 2008]. Alternative
splicing occurs in four basic forms: the use of an alternative 5′ splice site, the use of
an alternative 3′ splice site, exon skipping, or intron retention [Nilsen and Graveley,
2010]. This allows multiple transcript isoforms from a single gene, and so a number of
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alternative protein isoforms.
1.4.3 Polyadenylation
Polyadenylation is the addition of a tail of numerous adenosine nucleotides to the
3′ end of an RNA; this protects the nucleotides encoding the gene from degradation,
and has additional roles including mRNA transport [Colgan and Manley, 1997] and
targeting nonsensemediated decay (NMD) [Lykke-Andersen and Jensen, 2015]. mRNA
polyadenylation is a twostep process: the nascent transcript is ﬁrst cleaved, before the
polyA tail is added to the 3′ end of the cleaved transcript [Neve et al., 2017]. Cleavage
and polyadenylation mechanisms have not yet been fully characterised, but are known
to be complex; a puriﬁed human 3′ processing complex has been shown to contain about
85 proteins [Shi et al., 2009].
Cleavage of a nascent RNA is directed by ciselements, or consensus sequences, in
the RNA. In eukaryotes, the near upstream element (NUE), located 10 - 40 nt upstream
of the cleavage site (CS), is canonically an AAUAAA motif, though a number of NUE
variants have been characterised, especially in Arabidopsis [Loke et al., 2005]. A far
upstream element (FUE) and the CS is a YA sequence (Y is either pyrimidine base: U
or C) in a U rich region [Shatkin and Manley, 2000]. In humans, cleavage is initiated
by the cleavage and polyadenylation speciﬁty factor (CPSF) and the cleavage stimu-
lation factor (CstF) binding their respective consensus sequences on the native RNA
[Gilmartin and Nevins, 1991] (Fig. 1.5). A high molecular weight protein, Symplekin
(Pta1p in yeast) forms a bridge between the CstF and CPSF complexes, interacting
with Cst64, CSPF 100 and CPSF 73 [Sullivan et al., 2009], and has also been shown to
be the heatlabile factor in the complex [Pironcheva and Russev, 1996]. A functional
cleavage and polyadenlation complex is assembled in about 10 seconds, dependent on
polyadenylation site strength [Chao et al., 1999]; it is then able to catalyse the endonu-
cleolytic cleavage at the CS, between the NUE and the downstream sequence element
(DSE) [Neve et al., 2017].
After the transcript is cleaved, the next step is the addition of a 3′ polyA tail. This
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is a simpler reaction, in mammalian cells requiring only CPSF, PolyA Binding Pro-
tein (PABP) and PolyA Polymerase (PAP), which form a quaternary structure with
the cleaved RNA [Bienroth et al., 1993]. A nontemplated polyA tail of about 250
nucleotides is added in mammalian cells [Kühn et al., 2009], 70-80 nucleotides in yeast
[Schmid et al., 2012] and about 50 nucleotides in Arabidopsis [Subtelny et al., 2014].
PAP initially associates with the RNA through tethering by the CPSF components
hFIP1 [Kaufmann et al., 2004] and CPSF160 [Murthy and Manley, 1995], but this is
only a loose association; PABP functions to increase the aﬃnity of PAP to the polyA
tail by about 80 fold [Kerwitz et al., 2003].
Alternative polyadenylation is an emerging ﬁeld in gene regulation. Many gene tran-
scripts have a plethora of potential cleavage and polyadenylation sites within their
sequence. This phenomenon, like alternative splicing, leads to a diversity of possible
transcripts. Diﬀerent polyadenylation sites in the 3′ UTR could aﬀect the stability
of diﬀerent transcripts and if the alternative polyadenylation sites occur within the
coding region, diﬀerent protein products can be produced [Neve et al., 2017]. Alter-
native polyadenylation misregulation has been implicated in a number of cancers, so
developing an understanding of the mechanisms and transacting factors involved is of
particular interest [Erson-Bensan and Can, 2016].
1.5 Alternative polyadenylation of FPA
The mechanism by which FPA is able, as a transacting factor, to inﬂuence polyadeny-
lation site choice in its own pre-mRNA is not known. One way to investigate its
role would be a process of elimination of hypotheses of how FPA could be inﬂuencing
polyadenylation site choice in its own premRNA. These include:
1. Inhibiting polyadenylation at the distal site
2. Directly tethering the polyadeylation machinery to the favoured site
3. Inhibiting or slowing transcription of the premRNA by RNA Pol II
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4. Promoting premature termination of transcription
5. Inhibiting splicing of the proximal polyadenylation site containing intron
Hypothesis 1 (inhibiting distal polyadenylation site choice) has been previously ruled
out. Transgenic plants over-expressing a cDNA of FPA fused toYFP from the Cauliﬂower
Mosaic Virus (CaMV) 35S promoter in the fpa-8 mutant background (P35S::FPA.YFP
fpa-8 ) lack the native 3′ UTR, and so the distal polyadenylation site sequence. RNA
gelblot analysis of this line with a probe to the 5′ UTR of the transgene shows accu-
mulation of proximally polyadenylated FPA RNA. As the sequence around the distal
polyadenylation site is not required for alternative polyadenylation, the mechanisms
cannot involve inhibiting polyadenylation at the distal site [Hornyik et al., 2010].
The second hypothesis (that FPA is directly involved in tethering the polyadeny-
lation machinery to the proximal polyadenylation site) seems viable for a number of
reasons. FPA could interact with its own premRNA via the three putative RNA
binding RRM domains in its Nterminal region, and recruit polyadenylation factors
via interaction with its Cterminal SPOC domain. It has also been shown by ChIP
(chromatin immunoprecipitation) that FPA protein associates within its own locus
towards the end of proximal polyadenylation site containing intron I [Hornyik et al.,
2010].
The third and fourth hypothesis would both require FPA to aﬀect PollII transcription.
If transcription is slowed, there is more time for the proximal polyadenylation site to
be recognised and for cleavage and polyadenylation to occur at the proximal site before
the sequence of the distal site has even been transcribed. If transcription were to
prematurely abort, this situation leading to the proximal polyadenylation site choice
would be even more extreme. These hypotheses would correlate with the torpedo model
of transcription termination; if cleavage were to happen at the proximal polyadenylation
site cotranscriptionally, the 5′ end of the nascent RNA would be vulnerable to a 5′
to 3′ exonuclease which could destabilise the transcribing PolII complex. In the case
of an allosteric model of transcription termination, slowing the transcription rate of
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PolII would increase the chance that signals around the proximal polyadenylation site
inducing the release of antitermination factors from the PolII CTD.
The ﬁfth hypothesis suggests that if intron I is ineﬃciently spliced, the proximal
polyadenylation site would be present on the nascent mRNA for much longer, increasing
the chance that is be recognised, cleaved and polyadenylated. This could be investigated
by generating transgenic reporter lines containing mutated splice site sequences, to see
whether inhibiting intron I splicing increases proximal polyadenylation in FPA mRNA.
1.6 Methods for Investigating Gene Regulation Mechanisms and
Pathways
1.6.1 Visual Analysis of Spatial Expression
To begin to dissect the mechanisms involved in FPA regulation, a logical starting
point is to characterise when and where in the developing Arabidopsis seedling FPA is
being transcribed, and where and when in the developing seedling the FPA protein is
present. Understanding this may suggest further roles for FPA beyond being a member
of the autonomous ﬂowering time pathway. Analyses of these pathways may lead to
more clues as to how FPA is regulated, and lead to identiﬁcation of possible components
of the mechanism by which the co or posttranscriptional events inﬂuence polyA site
choice in FPA pre-mRNA.
1.6.2 Mutant Screen
A mutant screen to ﬁnd factors required for FPA autoregulation by alternative
polyadenylation may identify particular proteins or protein complexes involved and
thereby provide potential mechanisms of action which can be further examined in the
elucidation of the FPA regulator pathways. Further investigation of any mutants iden-
tiﬁed could hypothetically shed light on more general aspects of the regulation of alter-
native polyA site choice.
The identiﬁcation of cofactors required for the alternative polyadenylation of FPA
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premRNA would be an initial step in the deduction of the mechanism. An unbiased
way to identify necessary factors is to establish an EMS mutant screen. A transgenic
line would be designed with a reporter transgene consisting of FPA genomic sequence
with a Cterminal translational fusion with a ﬂuorescent reporter tag in a genetic
background overexpressing FPA from a cDNA transgene (so the overexpression is not
susceptible to proximal polyadenylation). The overexpressed FPA should force proxi-
mal polyadenylation site choice in the intron containing reporter, leading to no signal
from the Cterminal reporter which is not included in the translated transcript. After
EMS mutagenesis, lines showing restored signal from the reporter are indicating that
the proximal polyadenylation site choice is no longer being forced, implying that a fac-
tor required for the alternative polyadenylation mechanism has been lesioned. Causal
mutations can then be mapped and their role in the autoregulation of FPA investi-
gated.
1.6.3 Testing Speciﬁc Hypotheses with Transgenic Reporter Lines
There are a number of potential hypotheses for how APA could be regulated, as
detailed in section 1.4.3. Transgenic lines could be designed to test whether a speciﬁc
hypothesis is plausible. For example, the hypothesis that FPA polyadenylation site
choice is regulated by a mechanisms involving the direct tethering of the polyadenylation
machinery to the proximal site by FPA could be tested in transgenic plants, using the
highly speciﬁc MS2 coat proteinRNA stem loop binding domain interaction. Replacing
the RRM domains with MS2 coat protein would make it possible to tether the SPOC
domain containing region of FPA near the proximal polyadenylation site in reporters
containing the MS2 binding domain. It could then be seen whether tethering the SPOC
domain within the vicinity of the proximal polyadenylation site is suﬃcient to recruit
the polyadenylation machinery and force the choice of the proximal polyadenylation
site. A simultaneous investigation of FCA, another RNA binding autonomous pathway
member which undergoes alternative polyadenylation can be performed, to see whether
this mechanism might be speciﬁc to FPA, or whether this could be more a general way
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of controlling alternative polyadenylation site choice.
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2 Materials and Methods
2.1 General Solutions and Buﬀers
Unless otherwise stated all standard solutions and buﬀers were prepared according
to the previously described procedures [Sambrook and W Russell, 2001].
2.2 Media for Plant and Bacterial Growth
For plant growth Murashige-Skoog medium supplemented with 1% w/v sucrose (MS10)
was used. For bacterial growth Luria-Bertani (LB) was used. All the growth media were
prepared by the Media Kitchen Facility at the James Hutton Institute (JHI), according
to standard procedures.
2.3 General Molecular Biology Methods
All standard molecular biology methods, such as phenol/chloroform extractions and
agarose gel electrophoresis were performed as previously described [Sambrook and W
Russell, 2001]. For agarose gel electrophoresis 1Kb Plus DNA ladder (Invitrogen) was
used as a DNA molecular size marker. All centrifugation steps were performed in a
RC5C centrifuge (Sorvall Instruments) or benchtop 5415R or 5415D centrifuges (Ep-
pendorf).
2.3.1 DNA Cloning Procedures
All DNA enzymatic manipulations were performed according to the supplier's in-
structions. For cloning purposes PCR ampliﬁcation reactions were performed with
KOD DNA polymerase (Merck Chemicals).
2.3.2 Primer Design and Analysis
Sequencespecifc primers for cloning constructs were designed with GENtle, primers
for genotyping and other analytical procedures were designed with primer-BLAST,
and primers for site-directed mutagenesis were designed with Stratagene's web-based
QuickChange® Primer Design Program. Primer properties were then analysed with
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Primer3.
2.3.3 PCR Ampliﬁcation - Analytical
For PCR reactions where highﬁdelity ampliﬁcation was not important, e.g. for
genotyping, the following procedure was followed. 25 µl PCR reactions were prepared
with 5 µl isolated DNA (Materials and Methods Section 2.10.1) and mixed with 0.5
µ dNTP mix (10 mM dATP, dTTP, dGTP and dCTP), 1 µl of each primer (from 10
µM stock solutions), 1 µl labprepared Taq polymerase, 5 µl 5X GoTaq® green buﬀer
(Promega) and 10.5 µl water.
The following PCR cycle was used:
94 ◦C 5 mins
94 ◦C 30 secs
M◦C 40 secs
72 ◦C 1 min/kb
72 ◦C 5 mins
40 cycles
Where M◦C is the melting point of the primer with the lowest melting point.
2.3.4 PCR Ampliﬁcation - High Fidelity Purposes
When highﬁdelity ampliﬁcation was required, e.g. when a PCR product was being
ampliﬁed for cloning purposes, the following procedure was followed. A PCR mix was
prepared in a total volume of 20 µl, containing 0.25 µl 40 ng/µl template DNA, 5
µl 10X KOD polymerase buﬀer (MerckMillipore), 1 U (1 µl) KOD DNA polymerase
(MerckMillipore) [Takagi et al., 1997], 1.5 µl of each primer (10 µM stock solution), 3
µl MgSO4 (1 mM stock solution), 5 µl 0.2 mM dNTPs, 32.75 µl water.
95 ◦C 2 mins
95 ◦C 20 secs
M◦C 10 secs
70 ◦C 1 min/kb
70 ◦C 5 mins
25 cycles
Where M◦C is the melting point of the primer with the lowest melting point.
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2.3.5 Gel Extraction and Puriﬁcation
DNA to be puriﬁed before further manipulation (e.g. attB Gateway® PCR products,
linearised fragments of restriction enzyme digested plasmid or PCR products being
prepared for restriction digestionmediated cloning) was electrophoresed on 1  4%
agarose gel containing 1 µl 1 mg/ml Ethidium Bromide solution. The DNA in the
gel was visualised on a UV transilluminator, and the band of the expected size was
excised with a scalpel blade. The excised gel band was processed with the QIAquick
gel extraction kit (Qiagen) as detailed in the user manual.
2.3.6 Restriction Enzyme Digestion
Restriction enzymes were chosen according to their recognition sequence and cutting
sites, identiﬁed through sequence analysis in GENtle [Manske, 2006]. Restriction digests
were performed according to manufacturer's instructions. Following restriction digest, a
further gel extraction was performed to remove enzymes and unwanted DNA fragments
ensuring a homogenous sample of digested DNA for further processing.
2.3.7 Gateway® Cloning Procedures
For plant expression binary destination vectors containing a Gateway® cassette,
the Gateway® cloning system was used. A DNA insert was ampliﬁed ﬂanked by a
Gateway® casette with specially designed attb1 and attb2 tailed primers. This PCR
product was ﬁrst introduced into the pDONR 221 or pDONR 207 vectors (Invitrogen)
using the Gateway® BP ClonaseGateway® II enzyme mix (Invitrogen) and subse-
quently obtained entry clones were introduced by recomibination into the destination
vectors using the Gateway® LR Clonase® II enzyme mix (Invitrogen). All Gateway®
system cloning procedures were performed according to the instructions given by the
supplier. The choice of the pDONR vector was dependent on the antibiotic resistance
gene present in the destination vector.
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2.4 E. coli procedures
2.4.1 ElectroCompetent Cells (DH10B) -Preparation
For all cloning purposes DH10b cells were used; electro-competent cells were prepared
according to the following procedure. A single bacterial colony from an LB agar plate
supplemented with streptomycin (50 µg/ml) was used to inoculate 3 ml LB media with
the required antibiotic and incubated overnight with shaking at 37 ◦C. The culture
was then added to 17 ml of LB media supplemented with the required antibiotic, and
incubated overnight at 37 ◦C in a shaking incubator. The next day bacteria were used
to inoculate 2 L of LB media (divided into two diﬀerent 2 L ﬂasks) and the new culture
was incubated at 37 ◦C in a shaking incubator until the OD600 value reached 0.6.
The optical density of the culture was measured with a Helios δ spectrophotometer
(Unicam). The bacterial culture was transferred to six centrifuge tubes and incubated
on ice for 10 min. The bacteria were centrifuged for 10 min at 4600 g at 4 ◦C and gently
resuspended in 300 ml of cold, sterile water per each pellet, centrifuged again for 10
min at 4600 g at 4 ◦C and gently resuspended in 150 ml of water per each pellet; the
two pellets were pooled together. The samples were centrifuged for 10 min at 4600 g
at 4 ◦C and all bacteria were gently resuspended in the ﬁnal 40 ml volume of 10% v/v
glycerol. After centrifuging for 10 min at 4600 g at 4 ◦C, supernatant was removed and
cells were resuspended in 3.5 ml of cold, sterile 10% v/v glycerol solution. Aliquots (55
µl) of the cells were transferred into single tubes and were frozen in liquid nitrogen.
Cells were stored at −80 ◦C until transformation.
2.4.2 ElectroCompetent Cells (DH10B) - Transformation.
All prepared constructs were introduced into DH10b cells via electroporation using
BioRad Gene Pulser II (1.5 kV, 25 µF capacitance, 200 Ω resistance). Positive bacterial
colonies were selected based on their growth on LB media with the antibiotic. Pres-
ence of the required DNA was conﬁrmed with colony PCR or restriction digestion of
the isolated plasmids. For sequencing reactions plasmids were puriﬁed using Plasmid
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Mini Kit (QIAGEN); the sequencing was performed in the JHI DNA Sequencing and
Genotyping Facility.
2.4.3 Selection of Transformants on LB Agar Plates
2.4.3.1 Antibiotics
The appropriate antibiotic was added to the LB agar plates at the following concentra-
tions:
 Kanamycin - 50 µg/ml
 Ampicillin - 100 µg/ml
 Spectinomycin - 100 µg/ml
 Gentamicin - 7 µg/ml
2.4.3.2 BlueWhite Screening
When cloning into a plasmid containing a polylinker within the lacZ gene, transformed
E. coli were plated on AIX plates prepared by the JHI media kitchen. The colonies that
grew were expressing the Ampicillin resistance conveyed by the plasmid. Blue colonies
able to transcribe the lacZ gene were unlikely to contain the insert, as it would have
interrupted the lacZ gene. White colonies are both expressing the Ampicillin resistance
conveyed by the plasmid, and not expressing the lacZ gene. These were chosen for
further analysis.
2.4.4 Colony PCR
Following selection of transformants (section 2.4.3), individual colonies selected for
further screening were collected with a sterile P20 pipette tip and resuspended in
100 µl of water. 25 µl PCR reactions were prepared with 10 µl from the bacterial
water culture, with 0.5 µ dNTP mix (10 mM dATP, dTTP, dGTP and dCTP), 1 µl of
each primer (from 10 µM stock solutions), 1 µl labprepared Taq polymerase, 5 µl 5X
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GoTaq® green buﬀer (Promega) and 6.5 µl water. PCR cycles were then conducted as
detailed in section 2.3.3.
2.4.5 Plasmid Isolation Techniques
5 ml liquid LB media with the antibiotic concentration detailed in section 2.4.3.1 was
innoculated with either the pipette tip used to innoculate the water culture or 10 µl
of the water culture prepared for colony PCR analysis in section 2.4.4, and incubated
overnight with shaking at 37 ◦C.
2.4.5.1 Puriﬁcation on Columns
Minipreps 1.5 ml from 5 ml bacterial culture was centrifuged for 3 mins at 8,000
rpm to pellet the bacteria, and the supernatant discarded. Pelleted bacteria were
then processed with the Qiaprep Spin Miniprep Kit (Qiagen) as detailed in the user
manual. Isolated DNA was resuspended in 50 µl water, and the ﬁnal DNA elution
step was repeated (50 µl eluted DNA solution was transferred back onto the column
and centrifuged again). The concentration of eluted plasmid DNA was quantiﬁed on a
nanodrop spectrophotometer and stored at 20 ◦C.
Midi and maxipreps The volume of LB liquid media (speciﬁed in the user man-
uals of the Qiagen Midi or Maxi kits) in glass conical ﬂasks with the antibiotic concen-
tration detailed in section 2.4.3.1 was innoculated with 1 ml from 5 ml bacterial culture.
These were sealed with aluminium foil to ensure sterility and incubated overnight at
37 ◦C with shaking. The samples were processed as speciﬁed in the user manual and the
concentration of eluted plasmid DNA was quantiﬁed on a nanodrop spectrophotometer
and stored at −20 ◦C.
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2.5 Agrobacterium Procedures
2.5.1 Preparation of Agrobacterium tumefaciens Competent Cells
The Agrobacterium tumefaciens C58 CV3101 strain harbouring pSoup vector (Hel-
lens et al., 2000) was used. A single bacterial colony from the freshly prepared LB
plate supplemented with rifampicin 50 µg/ml, gentamycin 20 µg/ml and tetracycline 5
µg/ml antibiotics was used to inoculate culture containing YEB media with required
antibiotics. The culture was incubated overnight at 28 ◦C in a shaking incubator. The
next morning, the overnight culture was added to 1 L of YEB medium with the required
antibiotics; the bacteria were grown at 28 ◦C in a shaking incubator until the OD600 of
the culture reached 0.5 -1.0. In the next step, bacteria were incubated on ice for 30 min
and centrifuged for 15 min at 4000 g at 4 ◦C. The supernatant was removed and cells
were washed in 250 ml of cold 10% v/v glycerol solution. Cells were again centrifuged
for 15 min at 4000 g at 4 ◦C and the washing step was repeated twice, reducing the
volume of 10% v/v glycerol solution (125 ml in the ﬁrst and 100 ml in the second wash
step respectively). After the last wash the cells were resuspended in 0.75 ml of 10%
v/v glycerol; 55 µl aliquots of cells were transferred into single tubes and were frozen
in liquid nitrogen. Cells were stored at −80 ◦C until transformation.
2.5.2 FreezeThaw Transformation
1 µg of puriﬁed binary vector plasmid from each prepared construct was added to 50
µl prepared Agrobacterium cells (C58 CV3101 strain harbouring pSoup vector), mixed
gently by tapping and ﬂash frozen in liquid nitrogen. Samples were then thawed at 37 ◦C
for 5 min, added to 1 ml LBG medium, incubated with shaking for 2 h at 28 ◦C, and
centrifuged for 30 sec 10 000 g. All but 100 µl of supernatant was removed, the pellet
was re-suspended in the remaining supernatant, and plated on LB agar supplemented
with rifampicin (50 µg/ml), gentamycin (20 µg/ml) and spectinomycin (100 µg/ml).
Presence of the required vectors was conﬁrmed by re-transforming E. coli with plasmid
extracted from the transformed Agrobacterium and analysing the digestion patterns
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seen when incubated with speciﬁc restriction enzymes. Transformed cells were stored
at −80 ◦C in 80 % v/v glycerol.
2.5.3 Arabidopsis thaliana Transformation by Floral Dip
Seeds of the line to be transformed were sown directly on soil. Late ﬂowering mu-
tants were vernalized for three weeks at 4 ◦C in order to accelerate time to ﬂowering,
nonﬂowering time mutants were stratiﬁed for two days at 4 ◦C to synchronise the time
of ﬂowering. Transformation by the ﬂoral dip method [Clough and Bent, 1998] was
performed when the plant bolts were between 5 cm and 10 cm tall. Previously pre-
pared Agrobacterium cells with introduced vectors were used. Brieﬂy, Agrobacterium
was incubated in liquid LB media with required antibodies overnight with shaking at
28 ◦C. Cultures were centrifuged at 5500 g and resuspended in inoculation medium (5%
sucrose, 0.05% Silwet L-77 in water) to a ﬁnal OD600 of approximately 0.8. Each pot of
Arabidopsis was inverted over 400 ml of Agrobacterium culture in a 500 ml glass beaker
for 1 min. Seeds produced from the plants present in one pot were collected into one
common bag and sown together when selecting the next generation of transformants.
2.6 Arabidopsis thaliana growth procedures
2.6.1 Sterile Growth Conditions - MS10 Agar Plates
In order to grow plants in sterile conditions, seeds were ﬁrst surface sterilized by a 5
min treatment with the sterilizing solution (30% v/v sodium hypochlorite, 0.02% v/v
Triton X-100). This step was followed by three washes with 0.02% v/v Triton X-100
solution and one wash with sterile water. The sterile seeds were sown on MS10 media
supplemented with 0.8% w/v or 2% w/v agar. MS10 medium was also supplemented
with speciﬁc antibiotics if required. After sowing, the seeds were incubated at 4 ◦C for
two days in order to synchronize their germination. Plants were grown in the tissue
culture room at the following conditions: temperature 22 ◦C, 16 hours daylight provided
by Master TL-D 36W/840 (Philips) lamps.
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2.6.2 Sterile Growth Conditions - MS10 Liquid Media
As above, but seedlings were transferred to MS10 liquid media in tissue culture plates.
2.6.3 Sterile Growth Conditions - Vertical MS10 Agar Plates
Sterile procedure as previously described for agar plates but using square plates. Once
the seedlings had germinated, the plates were stacked vertically with the seedlings at
the top of the plates for the remainder of their growth period.
2.6.4 Growth on Soil
Plants were grown in pots containing Universal Extra general purpose soil. The
glasshouse temperature was maintained at 20 ◦C and the 16 hour daylight was provided
by high pressure sodium vapour lamps (Philips Powertone SON-T AGRO 400).
2.6.5 RFP Expression Leaf Disc Assay
200 µl of water was decanted into each well of a 96 well plate. A healthy rosette leaf
was harvested from each plant to be analysed, a small disc punched out of each leaf,
and the disc was ﬂoated on top of the water in each well. RFP ﬂuorescence analysis
was then conducted in a plate reading spectrophotometer, with excitation 584 nm and
emission 607 nm.
2.6.6 Selection of transgenic plants - on soil (Basta® resistance)
Seeds collected from Arabidopsis plants which had undergone Agrobacteriummediated
ﬂoraldip transformation were sprayed with a 120 mg/L Basta® solution one week af-
ter sowing. The treatment was repeated every other day for a total of four treatments.
Nontransformed plants were identiﬁed by a yellowing of the cotyledons followed by
fatality, while transformants grew normally.
2.6.7 Selection of Transgenic Plants - On MS10 Agar Plates
The seeds collected from plants previously selected for Basta® resistance on soil were
surface sterilized as previously described and sown on plates containing MS10 with
51
0.8% w/v agar. The media was supplemented with 50 µg/ml kanamycin for the plants
transformed with Agrobacterium containing pK vectors. After about two weeks, the
antibiotic resistant plants (T1 generation) were transferred into the soil. The presence
of the transgene and any applicable mutant background were conﬁrmed with PCR
markers. Seeds from the selected T1 generations of plants selected either for Kanamycin
or Basta® resistance were collected from single plants to form the T2 generation. These
were sterilized and sown on MS10 media with 0.8% w/v agar and the required antibiotic
(50 µg/ml kanamycin or 10 µg/ml Basta®). 100 individually distributed single seeds
were sown in a grid on each plate. The number of antibiotic resistant and sensitive
plants was counted and their ratio was calculated, and tested with a Chi square test
for lines which segregate for the resistance gene 3:1 resistant:susceptible with statistical
signiﬁcance with p≤0.05. The resistant plants (T2) from the plates with the calculated
ratio of about 3:1 were transferred to soil and their seeds were collected to form the T3
generation. T3 seeds were again sown on MS10 plates with the required antibiotic to
select homozygous plants.
2.7 GUS Assays
Plants were prepared for GUS expression analysis as described by [Vitha, 2012]. A
series of solutions were prepared: 2X phosphate buﬀer (0.1 M NaH2PO4 and 0.1 M
Na2HPO4, pH 7.0), 0.1 M potassium ferrocyanide, 0.1 M potassium ferricyanide and
10% (w/v) Triton X-100. These were used to make the Xgluc solution (1 mg 5
bromo4chloro3indolyl β-D-Glucuronide (Xgluc) in 100 µL methanol, with 1 mL
2X phosphate buﬀer, 20 µL 0.1 M potassium ferrocyanide, 20 µL 0.1 M potassium
ferricyanide, 10 µL 10% (w/v) Triton X-100 and 850 µL water). Plant material for
analysis was ﬁxed for 30 mins in ice cold 4% formaldehyde, washed in several changes
of ice cold 1X phosphate buﬀer for 60 mins. Plant material was then transferred to X
gluc solution, vacuum inﬁltrated and incubated in the dark at room temperature. Plant
material was was rinsed in distilled water and changes of 70% ethanol until cholorophyll
was removed/cleared. Cleared samples were incubated for 1 h then transferred to
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100% glycerol overnight before being mounted on slides under coverslips for microscope
examination.
2.8 Auxin treatment
Plants were grown on 0.8% MS10 agar plates as detailed in Materials and Methods
section 2.6.1 supplemented with 1 µM IAA.
2.9 RNA Procedures
2.9.1 RNA Extraction
Total Arabidopsis RNA was isolated from ground tissue from 14dayold seedlings
grown on plates as described in section 2.6.1. Seedlings were pooled by genotype,
frozen with liquid nitrogen, ground with a sterile pestle and mortar, and the frozen
powder stored at −80 ◦C. Approximately 400 µl frozen seedling powder and 400 µl
TRIzol Reagent (Invitrogen) were mixed with micro-pestles in a 1.5 ml tube. RNA
was isolated according to supplier's instructions (Invitrogen) and resuspended in 50
µl water. Resuspended RNA was subjected to DNAse I digestion: to 50 µl TRIzol
extracted RNA, 10 µl 10 X buﬀer (1M Tris HCl pH8, 1m MgSO4 and 1 M CaCl2 in
water), 2.85 µl DTT (35 mM), 2.5 µl RNase out (40 U/µl, Invitrogen), 1.5 µl DNase I
(Invitrogen), 33.15 µl water were added. The digestion reaction was incubated for 45
mins at 37 ◦C.
DNase Idigested RNA was then phenol/chloroform puriﬁed. 100 µl water and 200
µl phenol:chloroform:isoamyl alcohol (25:24:1(v/v)) were added, samples were mixed
and then centrifuged at 13,000 rpm for 10 mins. The supernatant was transferred into
fresh tubes with 200 µl chloroform:isoamyl alcohol (24:1 (v/v)), mixed and centrifuged
at 13,000 rpm for 5 mins. The supernatant was again transferred to fresh tubes with
400 µl 100% ethanol and 20 µl 3M NaOH. RNA was precipitated overnight at −20 ◦C.
Ethanolprecipitated RNA was centrifuged at 4 ◦C for 30 mins at 13,000 rpm. The
supernatant was discarded and the pellet washed with 1 ml 70% ethanol before a
further centrifugation for 5 min at 4 ◦C at 13,000 rpm. The supernatant was discarded,
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the pellet was allowed to dry and was then resuspended in 32µl water.
2.9.2 DIG Probe Transcription
RNA probes for in situ hybridisation were reversetranscribed using T7 RNA poly-
merase (sense probe) or T3 RNA polymerase (antisense probe). Template plasmid (1
µg), puriﬁed as detailed in section 2.4.5.1, was precipitated in 100% ethanol at −20 ◦C
and resuspended in 10 µl 10 mM Tris-HCl, pH 8.0. Next, 2 µl of 10X DIG RNA
labelling mix (Roche), 2 µl 10X Transcription Buﬀer (Roche, supplied with RNA poly-
merase), 2 µl RNA Polymerase (Roche) and 4 µl water to make a total reaction volume
of 20 µl. The reaction was mixed, brieﬂy centrifuged and incubated at 37 ◦C for 2 h.
Template DNA was removed by addition of 2 U DNaseI, RNase-free (Roche) and a
further 15 min incubation at 37 ◦C, followed by stopping the reaction with 2 µl 0.2 M
EDTA. Transcribed RNA probes were columnpuriﬁed with High Pure PCR Product
Puriﬁcation Kit (Roche) according to the manufacter's instructions.
2.9.3 WholeMount RNA In Situ (WISH) Assay
WISH assays were conducted as detailed by Traas [2008]. The following solutions were
prepared: 20X SSC (3.0 M NaCl, 0.3 M sodium citrate) PBT (1x PBS, 0.1% Tween 20),
PBTF (PBT + 4% formaldehyde), PBTK (PBT + proteinase K (40 µg/mL), HBWM
(5X SSC, 50 µg/mL heparin, 100 µg/mL boiled salmon sperm DNA, 0.1% Tween 20),
10X PBS (1.37 M NaCl, 27 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4), detection
buﬀer (100 mM Tris-CL (pH 9.5), 100 mM NaCl, 50 mM MgCl2).
Plant tissue was ﬁxed in 4% formaldehyde in PBS:DMSO (9:1) under vacuum for 15
mins then for 30 mins at room temperature, followed by overnight at 4 ◦C. Samples
were then dehydrated through an ethanol series (30 mins each in 30%, 60%, 70%, 85%,
95%, 100%, 100%), followed by 4 days at −20 ◦C. Four plantlets were transferred to
a microcentrifuge tube and washed with 100% ethanol twice. They were then washed
in xylene for 30 mins, followed by four washes in 100% ethanol and two in methanol.
Tissue was then transferred to methanol:PBTF 1:1 (v/v) and incubated for 5 mins, then
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post-ﬁxed in PBTF for 25 mins and subjected to ﬁve 10 min washes in PBT. Samples
were then incubated for 10 mins in PBTK before subjected them to a further four 5 min
washes in PBT. Tissue was again post-ﬁxed in PBTF for 25 mins and subjected to a
further four 5 mins washes in PBT, incubated in PBT for 60 mins before an additional
wash in 1:1 PBT:HBWM (v/v) followed by two rinses in HBWM.
Pretreated tissue was then pre-hybridised in HBWM at 55 ◦C. DIG-labeled probe
was denatured for 5 mins at 80 ◦C then placed on ice. Pre-hybridisation solution was
replaced with fresh HBWM, 1 µl denatured probe was added before overnight (18 h)
hybridisation at 55 ◦C. The following washes were then performed: six 30 min washes
in HBWM, 20 min wash in 3:1 HBWM:PBT (v/v), 20 min wash in 1:1 HBWM:PBT
(v/v), 20 min wash in 1:3 HBWM:PBT (v/v) and four 5 min washes in PBT. PBT
was replaced with 500 µl PBT and 1:2000 diluted antibody, and incubated overnight
in the cold. Tissue was washed in PBT for 3 h, changing PBT each hour. Tissue
was then equilibrated in detection buﬀer. Per 100 mL detection buﬀer, 150 µL nitro
blue tetrazolium chloride (NBT) (100 mg/mL)and 150 µL 5-bromo-4-chloro-3-indolyl-
phosphate 4-toludine (BCIP) (50 mg/mL) were added, and samples were incubated in
this solution in the dark for up to 36 h. The enzyme reaction was stopped in TE buﬀer,
samples dehydrated through an ethanol series for 90 sec in each, followed by twice in
Histoclear, and mounting in Permount.
2.10 DNA Procedures
2.10.1 DNA Extraction
Extraction buﬀer was prepared (0.5 ml Tris 1 M pH 8, 0.5 ml EDTA 0.5 M pH 8, 0.5 ml
NaCl 5M, 3.5 µl 14.26M βMercaptoethanol, 3.5 ml water). Plant material (unopened
ﬂoral bud) was ground in 350 µl extraction buﬀer with a micropestle attached to drill
and a few glass beads (SIGMA, 106 microns). On ice, 400 µl extraction buﬀer and 100
µl 10% SDS were added, and samples were incubated for 10 mins at 65 ◦C. 250 µl 5M
potassium acetate was added (100 ml stock prepared with 60 ml water, 11.5 ml glacial
acetic acid, 29.44 g KCH3COO and water to 100 ml) and samples were incubated on ice
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for 20 mins. They were then centrifuged at full speed for 7 mins, the supernatant was
transferred to clean tubes and centrifugation repeated. The supernatant was transferred
to clean tubes, 600 µl isopropanol was added and DNA was precipitated at 20 ◦C for
at least 30 minutes. Samples were centrifuged for 20 mins at 13,000 rpm at −4 ◦C, the
supernatant was discarded and pellets were allowed to dry in tubes inverted over tissue
paper. The pellet was resuspended in 100 µl TE buﬀer (1 ml Tris 1M, 200 µl EDTA
0.5 M, water to 100 ml) and stored at −20 ◦C. 5 µl was used for a 25 µl PCR reaction.
2.11 Protein Procedures
2.11.1 Total Protein Extraction
Cracking buﬀer (40 mM Tris-HCl, pH 6.8; 0.1 mM EDTA, pH 8.0; 8 M urea) was
preheated to 90 ◦C for 5 min and just before use was supplemented to the given ﬁnal
concentration with β-mercaptoethanol (1.43 M), Complete Protease Inhibitors [Roche]
(7% v/v) and PMSF (5 mM). Arabidopsis seedlings were homogenized in cracking buﬀer
and the extract was incubated for 5 min at 100 ◦C. The sample was centrifuged for 1
min at maximum speed in a benchtop centrifuge and the supernatant was transferred
to a new tube. The sample was centrifuged again for 5 min at maximum speed in a
benchtop centrifuge, the supernatant was transferred to a new tube and the required
volume of sample buﬀer (10% SDS w/v; 20% v/v glycerol; 0.2 M Tris-HCl, pH 6.8;
0.05% w/v bromophenol blue; 100 mM DTT) was added. The sample was incubated
for 5 min at 100 ◦C and stored at −20 ◦C until analysis.
2.11.2 Western Blotting
Depending on the size of the analyzed protein 6%, 8%, 10% or 12% separating gels
were used. To prepare the gels ready to use buﬀers were used: ProtoGel Resolv-
ing Buﬀer [1.5 M Tris-HCl pH 8.8; 0.4% w/v SDS], ProtoGel Stacking Buﬀer [0.5 M
Tris-HCl pH 6.8; 0.4% w/v SDS], N,N,N',N'- tetramethylethylene diamine (TEMED)
[all chemicals from National Diagnostics] and ProtoFLOWGel 37:5:1 Acrylamide to
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Bisacrylamide stabilized solution [Flowgen Bioscience]. A 10% w/v APS (Ammonium
persulfate) [National Diagnostics] solution was prepared from powder and stored at
−20 ◦C.
2.11.2.1 Separating gel composition
Separating gel was prepared to a total volume of 10 ml:
Acrilamide percentage 6% 8% 10% 12%
Resolving Buﬀer 2.5 ml 2.5 ml 2.5 ml 2.5 ml
ProtoFLOWgel 2.0 ml 2.67 ml 3.3 ml 4 ml
Water 5.45 ml 4.78 ml 4.15 ml 3.45 ml
APS (10%) 50 µl 50 µl 50 µl 50 µl
TEMED 5 µl 5 µl 5 µl 5 µl
2.11.2.2 Stacking gel composition
The stacking gel was prepared as: 1.25 ml of Stacking Buﬀer, 0.65 ml of ProtoFLOWGel,
3.075 ml of water, 25 µl of APS (10% w/v) and 5 µl of TEMED.
2.11.2.3 Western blotting procedure
Proteins were loaded on the prepared gels and in the ﬁrst lane 5 µl of protein marker
SeeBlue Plus II (Invitogen) was loaded. Gel was electrophoresed with stable current
30 mA per gel in Mini-PROTEAN Cell gel electrophoresis system (BioRad) in running
buﬀer (25 mM Tris, 0.192 M Glycine, 0.01% w/v SDS). Proteins were transferred onto
Protran nitrocellulose transfer membrane (Whatman) using a wet Criterion blotter
system (BioRad). The transfer was performed in the transfer buﬀer (0.193 M Glycine;
20 mM Tris; 20% v/v Methanol) at room temperature for two hours at a stable voltage
of 70 V.
After the transfer, the membrane was brieﬂy stained with Ponceau S stain (0.1%
Ponceau S w/v in 5% v/v acetic acid), in order to conﬁrm presence of proteins on the
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membrane, then de-stained by washing with TBS buﬀer (10 mM Tris; 150 mM NaCl;
pH 7.4). The membrane was blocked for 1 hour in 3% w/v dried milk (Marvel) in TBS
at room temperature and later incubated overnight with the primary antibody in 3%
w/v dried milk in TBS at 4 ◦C. In the morning, the following washes were performed:
two 5 min washes in TBS with 0.1% v/v Tween 20 and two 5 min washes in TBS with
1 M NaCl and 0.5% v/v Tween 20.
After the washing steps, the membrane was incubated with the secondary stabilized
goat anti-rabbit IgG antibody peroxidase conjugated (Thermo Scientiﬁc) in 3% w/v
dried milk in TBS (antibody dilution 1:3000). The membrane was incubated with this
antibody for 90 min at room temperature. Next it was washed two times for 5 min in
TBS with 0.1% v/v Tween 20, once for 10 min in TBS with 1 M NaCl and 0.5% v/v
Tween 20 and three times for 5 min in TBS with 0.1% v/v Tween 20. The last wash was
performed for 5 min in TBS buﬀer. The signal was developed using SuperSignal® West
Femto Substrate (Thermo Scientiﬁc) according to the supplier's protocol. The signal
was developed using a BioRad GelDocTM system. The antibody was removed from
the membrane using stripping by the Acidic pH protocol (Millipore Protein Blotting
Handbook  TP001) and detection was performed with the next primary antibody.
2.11.2.4 Primary antibodies used in Western blots and their dilutions:
 Anti-FPA [Hornyik et al., 2010], dilution 1:100
 Anti-GFP (ab290-50 Abcam), dilution 1:3000
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3 Spatial and Temporal Regulation of FPA During
Arabidopsis Development
3.1 Introduction
3.1.1 Background rationale for investigation
Multiple isoforms of FPA mRNA are present in Arabidopsis, as demonstrated by
Northern blot analysis of 14-day-old wildtype (WT) seedlings (Fig. 3.1B) [Hornyik
et al., 2010]. It has also been demonstrated by 3′ random ampliﬁcation of cDNA ends
(RACE) sequencing [Hornyik et al., 2010] and direct RNA sequencing (DRS) [Sherstnev
et al., 2012] that the shorter transcipt is polyadenylated at an alternative polyadenyla-
tion (APA) site within intron I (Fig. 3.1A and B). Transcripts polyadenylated at this
site are henceforth referred to as `proximally polyadenylated', as they have undergone
polyadenylation at a site proximal to the promoter. Conversely, the full length mRNA
is described as `distally polyadenylated' as it is polyadenylated at a site distal to the
promoter. The polyadenylation sites within the FPA transcript are indicated in Fig.
3.1A.
It has also been previously demonstrated by Western blot analysis that the FPA over-
expressing (FPAox) line contains higher levels of FPA protein than WT Col-0 plants,
and conversely that no FPA protein is detected in fpa-8 mutant plants (Fig. 3.2A). In
an fpa-8 mutant background, where there is no functional FPA protein, the truncated,
proximally polyadenylated FPA mRNA isoform is not found at all (Fig. 3.1B). Con-
versely, in FPAox, the majority of FPA transcript is found to be proximally polyadeny-
lated. This compares to the WT background, where both proximally and distally
polyadenylated isoforms are observed.
Thus, we know that the FPA transcript is alternatively polyadenylated dependent
on the presence of FPA protein, and it, therefore, appears that FPA autoregulates via
an APA mechanism. However, neither the spatial and temporal patterns of FPA tran-
scription nor FPA expression during Arabidopsis development have been dissected. For
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example, we do not know how proximally and distally polyadenylated FPA mRNA iso-
forms are distributed within the developing Arabidopsis seedlings, as our understanding
is based on RNA extracted from whole seedlings. Similarly, we do not know how the
expression pattern of FPA protein during Arabidopsis development corresponds to the
transcription patterns of its mRNA isoforms.
By chromatin immunoprecipitation (ChIP), FPA has been shown to reside in the
vicinity of the FPA locus [Hornyik et al., 2010], lending weight to the idea that FPA
protein could be directly inﬂuencing the selection of a proximal polyadenylation site
in its own pre-mRNA. If we are to suggest such a direct autoregulation mechanism
where FPA protein directly inﬂuences the polyadenylation site choice within its own
pre-mRNA, we would expect there to be a correlation between the spatial distribution of
FPA protein and that of the shorter, proximally polyadenylated FPA mRNA isoform.
Further to this, if we are to understand the biological role of FPA in Arabidopsis
development, it is important to understand this spatial and temporal transcription and
expression patterning.
3.1.2 Design of FPA expression transgenic reporter lines
To address FPA expression patterns, transgenic Arabidopsis lines were constructed.
They were constructed in a wildtype Col-0 background, to report on how FPA tran-
scripts are processed in a background with natively expressed FPA. Primarily, the plant
expression vector pBGWFS7 was chosen [Karimi et al., 2002] as it contains no promoter,
and facilitates Cterminal fusion to an eGFP.GUS protein tag. The absence of a pro-
moter allowed the introduction of the sequence for the native FPA promoter (Fig. 3.3).
This would allow the analysis of expression from the FPA promoter by GUS analysis
in diﬀerent parts of the transformed seedlings/plants. The addition of the eGFP tag
fused to the GUS sequence allowed higher resolution analysis of subcellular expres-
sion patterns, and provided a secondary method of analysis that did not rely on an
enzyme-substrate reaction and thus was more readily quantiﬁable.
It has been previously demonstrated that the late ﬂowering phenotype of the fpa-8
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A
B
Figure 3.2: A) Western blot conducted on protein extracted from 14dayold Arabidop-
sis seedlings probed with αFPA. Note that no FPA protein band is seen in the fpa-8
line, that the three lines where fpa-8 has been rescued with an FPA transgene driven
by its native promoter, the resulting protein levels migrate at the same size and ap-
pear at similar levels to the WT Col-0 lines; FPA::FPAwt1_5, 3_4 and 5_2 represent
independent transgenic fpa8 lines. Additionally, the FPA.YFP fusion band is both
stronger, as it is driven by the constituitive 35S promoter, and migrates around 148
kDa, as would be expected with the YFP translation fusion. αtublin was used as a
loading control. B) Flowering time analysis conducted by counting how many rosette
leaves while Arabidopsis is in its vegetative growth stage, before bolting signiﬁes the
ﬂoral transition to reproductive growth has occured. It can be seen that transformation
with FPA::FPA rescued the late ﬂowering phenotype of fpa-8 (reproduced from Rataj
[2011]). All plants were grown at 20 ◦C with 16 hours of daylight.
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mutant can be rescued by transformation with the genomic sequence of the FPA locus
including 2.4 kb of sequence upstream of the start codon (Fig. 3.2); it was therefore
concluded that the FPA promoter is found within this region. Henceforth, this region
will be referred to as `the FPA promoter' or `PFPA'. Three reporter inserts were designed
based on the template of PFPA promoter construct:
1. The `P' construct, consisting of the FPA promoter driving expression of eGFP.GUS,
allowing global visualisation of where and when transcription is occurring from
the FPA promoter (Fig 3.4A).
2. The `G' construct, consisting of the full FPA genomic sequence (including introns)
with a Cterminal eGFP.GUS fusion, under the control of the FPA promoter,
allowing global visualisation of where and when FPA protein is present (Fig.
3.4C).
3. The `M' construct, composed of the genomic sequence (including introns) for
an FPA minigene truncated at the end of exon III henceforth referred to as
`miniFPA', under the control of the FPA promoter with a C-terminal eGFP.GUS
fusion (Fig. 3.4B). This minigene includes the proximal polyadenylation site in
intron I, but the resulting protein lacks the C-terminal protein interaction do-
mains of FPA. It is possible that miniFPA could be a good reporter for where
proximal polyadenylation is occuring without itself coding for a functional FPA
protein which could aﬀect the polyadenylation site choice by binding to intron I
(Fig 3.4B).
3.1.3 `P' construct - FPA Promoter Region Upstream of eGFP.GUS Fusion
The FPA promoter was cloned into pBGWFS7. Stable transgenic Arabidopsis trans-
formants were generated in a Col-0 background via Agrobacteriummediated trans-
formation. Transgenic lines allowed us to assess where and when during development
transcription was initiated from the FPA promoter, and thus where we would expect to
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ﬁnd FPA transcript in a wild-type plant. The GUS transgene enabled the global pat-
tern of FPA transcription to be assessed clearly throughout development. The eGFP
fusion allowed subcellular visualisation and quantiﬁcation of promoter activity between
tissues and developmental stages. This reporter and the resulting transgenic lines are
referred to as `P', as the sequence of interest contains the FPA promoter.
3.1.4 `G' construct - FPA Promoter Region Upstream of the Genomic
FPA.eGFP.GUS Fusion
A second reporter line was designed with the FPA promoter to the end of FPA ge-
nomic coding sequence. The stop codon was removed to leave the Cterminal eGFP.GUS
translational fusion tag in frame with FPA under the control of the native FPA pro-
moter; PFPA::FPA.eGFP.GUS.
Nothing is known about the mechanism by which FPA is able to control APA as
a transacting factor, but one hypothesis is that FPA is able to directly promote
polyadenylation at the proximal site by binding in the vicinity of the APA site via its
RRM domains and recruiting polyA factors via its SPOC protein interaction domain.
Having identiﬁed when and where transcription occurs from the FPA promoter during
Arabidopsis development by analysis of the `P' transgenic line, it would be expected
that transcription initiation from the `G' transgene follow a similar pattern. Thus, it
could be concluded that in locations where a GUS signal is seen in the `P' line but not
the `G' line, transcription is being initiated from the FPA promoter, but the proximal
polyadenylation site in intron I of the `G' transgene is being used. This would lead to
a truncated FPA mRNA being produced, and so to no FPA protein being translated,
and thus no Cterminal eGFP.GUS tag to visualise.
3.1.5 `M' construct - FPA Promoter Region Upstream of miniFPA.eGFP.GUS
Fusion
A potential downside to using a full length genomic FPA transgene to report on
FPA APA events could be that the FPA.eGFP.GUS fusion protein in the `G' line could
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act as a functional FPA protein. In this case, it is then possible that this transgene
derived FPA protein could itself aﬀect polyadenylation site choice in the reporter pre-
mRNA, rather than the reporter merely reporting native FPAmediated regulation. It
would then be impossible to investigate how such a reporter was processed in a back-
ground lacking functional FPA protein. If a truncated FPA sequence was able to report
polyadenylation site selection regulation, while not coding for a full length FPA pro-
tein which was able to complement an fpa mutation, it would be possible to compare
how the patterning of polyadenylation site choice was aﬀected in genetic backgrounds
lacking (or overexpressing) FPA. By avoiding the expression of a full length FPA pro-
tein from a transgene in a genetic background already expressing the endogenous FPA
protein, the risk of triggering the NMD pathway and silencing the transgene would also
be diminished.
With this in mind, a third reporter line was designed with the FPA promoter to
the end of FPA exon 3 with a Cterminal eGFP.GUS reporter fusion in frame with
FPA. This was to test whether an FPA minigene, consisting of truncated FPA genomic
sequence up to the end of exon 3 (`miniFPA') is able to faithfully report the polyadeny-
lation events that occur in the full length FPA transcript (Fig. 3.1B). This would be
advantageous, as the miniFPA construct encodes a truncated FPA protein which lacks
the Cterminal SPOC protein interaction domain, and thus would be able to report
APA while not inﬂuencing APA events itself. Eﬀectively, if this construct is canonically
spliced, it encodes for FPA exons 1-3 with a Cterminal eGFP.GUS fusion under the
control of the FPA promoter; PFPA::miniFPA.eGFP.GUS.
By comparing the transgene expression proﬁles during Arabidopsis development seen
in the `G' and `P' lines with this `M' line, we would be able to assess whether miniFPA
was an eﬀective proxy for FPA. If the expression pattern was similar to the `P' reporter
line it could be concluded miniFPA does not undergo regulation via APA and is not a
suitable proxy. Conversely, if a similar expression pattern was seen in the `G' and `M'
lines, it could be concluded that miniFPA undergoes polyadenylation in a similar way
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to FPA, and thus could act as an eﬀective proxy for reporting APA events.
3.1.6 The Gateway® cloning system
Plant expression vectors were constructed using the Invitrogen Gateway® system, be-
fore being introduced into the Arabidopsis genome via Agrobacteriummediated trans-
formation. The Gateway® system utilises a `cassette' ﬂanked by nucleotide sequences
which are recognised by speciﬁc enzymes. These enzymes catalyse the easy swapping
of sequences contained within the cassette between plasmids. The idea is that once
a sequence of interest is conﬁrmed in the appropriate open reading frame within a
Gateway® entry vector, it can be transferred in one simple reaction to any destination
vector with the desired tag, promoter, expression system, etcetera.
A sequence can either be introduced into the system via conventional cloning into an
entry vector containing a traditional restriction site polylinker within the Gateway®
cassette (such as the pEntr vector family), or by directly recombining a PCR product
into a corresponding vector (such as the pDonr family). The latter method is preferred
for its simplicity, and because it does not require the modiﬁcation of the sequence of
interest with restriction sites to facilitate cloning. However, for larger PCR products
(above 5 kb) the initial recombination reaction becomes less eﬃcient, so conventional
cloning into a pEntr vector is a possible backup for the construction of the larger `G'
construct.
The sequence of interest is ampliﬁed by PCR with attB tailed primers to generate
a cassette containing the gene of interest. This is then recombined into a Donr vector
via the BP clonasemediated BP recombination reaction. Once in the Donr vector, the
contents of the Gateway® cassette can easily be transferred into any destination vector
via the LR clonasemediated LR recombination reaction (Fig. 3.5).
3.1.7 Designing Gateway® attB tailed primers
To obtain a sequence of interest within a Gateway® cassette, it must ﬁrst be ampliﬁed
with primers tailed with the 25 bp attB sites, such that the ampliﬁed sequence of interest
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is ﬂanked by the attB1 at the 5′ end and the attB2 sequence at the 3′ end. This
orientation of attB sequences ensures directional cloning into the Gateway® vector,
but it is also important that the attBtailed primers are designed such that the reading
frame of the insert is in frame with the reporter fusion tags in subsequent destination
vectors (Fig. 3.6).
The frame of the forward primer for the `P', `M' and `G' constructs was irrelevant,
as the sequence of interest includes the promoter region, rendering Nterminal fusions
impossible. However, the reverse primers were designed to ensure that the Cterminal
eGFP.GUS fusion tag to be added was in frame. This involved amplifying the sequence
of interest within a cassette with attB adapters maintaining the reading frame to allow
easy addition of N or Cterminal fusions when the PCR product was then recombined
with a BP reaction into a pDonr vector (Fig. 3.5 and 3.8).
3.1.8 Analysing the spatial and temporal distribution of the alternative
FPA mRNA isoforms by in situ hybridisation
Analyses of GUS expression patterns in the `P', `M' and `G' transgenic lines report
on the protein expression pattern. As the events we are interested in occur at the RNA
level (transcription from the FPA promoter and co or posttranscriptional regulation of
FPA), the logical next step is to investigate whether the expression patterns seen in the
GUS transgenic lines is faithfully reporting the spatial localisation of FPA transcripts.
To further investigate this, RNA in situ hybridisation experiments were required. An
ideal situation would be to be able to compare the FPA RNA expression pattern in
whole WT Col-0 seedlings to the whole GUS transgenic seedlings, to see whether the
global transcription pattern is faithfully reported in the GUS transgenic seedlings. To
assess this, a Whole Mount In Situ (WISH) assay was planned. It has been previously
reported that this assay results in a high level of background staining, but it was hoped
that useful information could still be obtained by careful comparison to the background
levels of staining in negative controls [Traas, 2008].
Two in situ probe templates were designed, to be transcribed in vitro as labelled
71
antisense RNA probes:
 The `P' probe was designed to label the proximally polyadenylated mRNA seen
on the Northern blot in Fig. 3.1, targeting the beginning of the retained intron
I region (Fig. 3.7). This probe should not pick up the full length mRNA, as the
introns are spliced out.
 The `D' probe was designed to label the distally polyadenylated mRNA seen on
the Northern blot in Fig. 3.1, targeting the full length FPA mRNA through its
exon V sequence (Fig. 3.7).
To examine whether the spatial patterning of FPA protein is a result of regulation
at the co or posttranscriptional stage of gene expression, RNA in situ hybridisation
experiments were conducted to ascertain whether the distribution pattern of the FPA
mRNA isoforms correlates with the pattern seen with proteinfused reporters.
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3.2 Results
3.2.1 Designing Gateway® Inserts
Primers for ampliﬁcation and cloning of the FPA promoter sequence for the `P' con-
struct into the destination vector did not require any consideration of aligning reading
frames. However, the `M' and `G' constructs required fusing the Cterminus of FPA or
miniFPA to the Nterminus of the eGFP.GUS transgene. This requires a contiguous
reading frame across the entire fusion protein, and in the case of the `G' construct,
the removal of the native stop codon. To obtain an inframe fusion, the Gateway®
manual speciﬁes the frame in which the Gateway® attB sequence should be positioned
on the reverse primer (Fig. 3.8A-C). However, sequencing pBGWFS7 revealed that the
eGFP.GUS is in a diﬀerent frame to that speciﬁed by Invitrogen for destination vector
design, so construction of vectors according to Invitrogen guidelines led to a premature
termination codon between the gene of interest and the intended Cterminal fusion tag
(Fig. 3.8D). AttB tailed primers were redesigned and construction restarted to ensure
that FPA sequence would be in frame with the eGFP.GUS sequence, to create eﬀective
reporter lines.
3.2.2 Construction of Plant Expression Vectors
AttB cassettes for the three reporter lines were ampliﬁed from a vector previously
used for complementing fpa-8 lines (Fig. 3.2). PCR products of the expected sizes
were ampliﬁed with KOD Hotstart proofreading DNA polymerase. The resulting PCR
reaction was electrophoresed on agarose gel to conﬁrm that the PCR product was the
expected size (Fig. 3.9). These bands were excised from the gels and puriﬁed on
Qiaquick gel extraction columns to remove primers and other impurities from the PCR
product prior to BP recombination into the Gateway® system.
The intended destination vector pBGWFS7 confers Spectinomycin and Streptomycin
resistance on E. coli (Fig. 3.3). As it must be possible, by selection for antibiotic
resistance, to distinguish between E. coli colonies containing the donor vector and
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those containing the destination vector; the donor vector pDonr221 was chosen, because
it confers Kanamycin resistance on transformed E. coli. Each puriﬁed attB cassette
was recombined into the donor vector pDonr221, transformed into electrocompetent
DH10B E. coli and selected for Kanamycin resistance on LB agar plates. Only E. coli
transformed with the recombined donor vector were able to grow, as pDonr221 plasmids
which have not undergone recombination contain the ccdB gene within the Gateway®
cassette, which is toxic to E. coli.
A number colonies from the `P' and `M' constructs were screened by restriction digest
to conﬁrm they contained the constructs successfully recombined into pDonr221. PstI
was found to only cut twice in the FPA promoter region, cleaving out a fragment of
the expected size of 506 bp. It was conﬁrmed that colonies contained the intended
plasmid for the `P' and `M' constructs by restriction digest with PstI (Fig. 3.10AB).
It can be seen that all followed the expected digestion pattern, except colony 5 of the
`P' construct, which does not appear to contain any plasmid, and was probably a false
positive colony (Fig 3.10A). Donor vectors for colony 1 of each `P' and `M' constructs
were chosen. At 7269 bp, the `G' construct was signiﬁcantly larger than the maximum
5 kb at which the BP reaction is eﬃcient. Because of this, only one transformant was
obtained, and it was directly conﬁrmed by sequencing (Fig 3.10C).
The presence of all three constructs in pDonr221 was conﬁrmed by sequencing. They
were then recombined into pBGWFS7 via LR recombination, transformed into E. coli
and selected on plates for colonies with Spectinomycin resistance. The ﬁnal constructs
were fully sequenced before proceeding to Arabodopsis transformation.
3.2.3 Agrobacterium and Arabidopsis transformation
pBGWFS7 is a plant expression vector, optimised for Agrobacteriummediated plant
transformation; the TDNA (Transfer DNA) sequence to be inserted into the plant
genome is bordered by 25 bp border sequences (Fig. 3.11). The TDNA includes
the constructs to be inserted and a gene which confers Basta®/glufosinate resistance
on transformants, a selectable marker which allows transgenic plants to be eﬃciently
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Figure 3.10: Expected pDonr221 plasmids containing the diﬀerent constructs are shown
for each construct, with the PstI restriction sites illustrated with white dotted lines in
the schematic diagrams. On each gel, lane 1 contains Invitrogen 1kb+ DNA ladder, +
lanes show the miniprepped DNA from an individual selected E. coli colony digested
with PstI enzyme and - lanes show the miniprepped DNA from an individual selected
E. coli colony undigested. Alongside each gel, scale diagrams of expected digestion
products are shown. A) schematic of the `P' construct and B) schematic of the `M'
construct. D) and E) the constructs were checked by digestion before choosing a colony
to conﬁrm by sequencing. C) The much larger `G' construct was not checked by di-
gestion, as only one E. coli was recovered after selection, so it was chosen and directly
conﬁrmed by sequencing.
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distinguished.
Agrobacterium tumefaciens was transformed by freeze-thaw transformation as de-
tailed in Materials and Methods. A. tumefaciens strain CV3101 was used, harbour-
ing the low copy pSoup plasmid to faciliate the replication of the binary vector in
Agrobacterium after successful transformation. Transformants were selected on media
containing spectinomycin (to select for pBGWFS7), tetracycline (to select for pSoup)
and rifampcin (to select for the CV3101 strain).
Flowering Col-0 Arabidopsis plants were transformed by the ﬂoral dip method, as
detailed in Materials and Methods; these plants constituted the T0 generation. Seeds
collected from this T0 generation, the T1, were germinated on soil and regularly sprayed
with Basta® to select for transformant plants able to survive due to the Basta® re-
sistance conferred by the BaR gene from the pBGWFS7 plasmid. These surviving
seedlings were transplanted to individual pots and their seed collected for further anal-
ysis as T2 transformants.
3.2.4 Transgenic plants  Selection of Lines
When Arabidopsis is infected with Agrobacterium, the TDNA can be inserted nu-
merous times at multiple sites in the Arabidopsis genome. The insertion of a TDNA of
several kb has the potential to interfere with gene expression in the region it is inserted
into. To minimise the impact of these nontarget eﬀects, it is important to consider
a selection of lines derived from several independent transformation events to conﬁrm
that eﬀects seen are not simply a result of inadvertently interrupting an unknown gene.
The greater the number of insertion sites, the more loci could be inadvertently mutated.
One way to select lines containing a single insertion is to score for the segregation of
the BaR gene in the progeny of a heterozygous transformant. Mendelian segregation of
a single locus predicts that it should segregate into 1
4
homozygous, 1
2
heterozygous and
1
4
azygous progeny. The BaR gene is dominant (confers Basta® resistance in plants
homo or heterozygous for the insertion). After Basta® selection, the azygous 1
4
is
expected to be susceptible and the 3
4
of the population containing at least one copy of
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the BaR gene is expected to be resistant (Fig. 3.12).
For each construct, multiple pots of Col-0 Arabididopsis plants were transformed by
Agrobacterium ﬂoral dip; for the `P' and `M' constructs, four independent transforma-
tions were perfomed (A-D), and for the `G' construct, ﬁve independent transformations
were performed (A-E). Seed was pooled from the multiple plants in each pot. Each pot
transformed is referred to as an independent transformation.
The pooled seed from each independent transformation (T1 generation) was sown and
transformants were selected for Basta® resistance by regular spraying with a Basta®
solution. Transformants were obtained from all independent transformations except
`M' construct pot D. From these, 17 `P' transformants from four independent trans-
formations, 14 `M' transformants from three independent transformations, and 38 `G'
transformants from ﬁve independent transformations were taken forward into the T2
generation for further screening.
This segregation of the Basta® resistance phenotype was scored in the T2 generation,
looking for lines which segregate 3:1, indicating potential single insertion transformation
events (Fig. 3.13). Plants from 3:1 segregating lines were transferred to soil from
Basta® plates for the rest of their life cycle. Seed from these plants (the T3 generation)
were selected on Basta® plates to identify lines homozygous for the single T-DNA
insertion. Five independent `P' lines (A3, C2, C4, C5 and D1), six independent `M'
lines (A2, A3, A4, B3, B5, C4) and ﬁve independent `G' lines (A3, B6, C5, D6, E4) were
selected as homozygous lines which were potential single-insertion transformants. Seed
was collected from these lines for further analysis to characterise of the FPA expression
pattern in WT Col-0 Arabidopsis.
3.2.5 `P' Independent Transgenic Lines  PFPA::eGFP.GUS
To examine expression for the FPA promoter, `P' seedlings were incubated with
the βGlucuronidase substrate XGluc as described in Materials and Methods. To
determine the appropriate amount of time to incubate with the substrate, a time
course of incubation times was conducted on several independent lines with 10dayold
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Figure 3.16: The developmental timecourse was conducted as described in Fig. 3.15.
Three biological replicates from the representative line `C4' were imaged for each time
point. At one and two days after germination, blue signal was seen strongly in the root
tip (indicated with a closed arrow) and the developing cotyledons. Blue signal was also
seen in the anchor root primordia (indicated with an open arrow) from two to three days
after germination, and was seen to decrease in maturing leaf tissue, while strong signal
is in the primordia of the next leaves (indicated with an asterix). However, the clear
pattern seen in the roots one and two days after germination was lost by 4 days after
germination in all biological replicates, by which point the roots appeared uniformly
blue.
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seedlings (Fig. 3.14). It can be seen that the strong signal seen particularly throughout
the root system of the seedlings was present in a similar localisation pattern in all
independent lines, but no eﬀective diﬀerence was seen between the staining at 8 and 16
hours, with no sign of background staining in tissues which had not shown a signal at
shorter incubation times. Thus, an incubation of 816 hours with XGluc was selected
as the standard time to use for future analyses with these lines.
The next step was to investigate the GUS expression patterns in more detail by
comparing the independent lines over the ﬁrst few days of Arabidopsis development,
with the aim to select a line considered to be representative of the pattern seen to
analyse further in followup studies. Considering the patterns seen in Fig. 3.15, it
appeared that the signal in lines C2, C3 and C4 was clearly showing similar patterning
in the ﬁrst three days after germination, and the same trend towards loss of spatial
regulation and ubiquitous expression as development progresses. Conversely, in lines
A3 and D1 the staining was strong across all tissues and timepoints. The transgene
may have inserted in the Arabidopsis genome such that overexpression occurred; for
this reason, these lines were discounted from further analyses.
Staining was seen in the torpedo stage (at day one) to be concentrated towards the
apex of the developing root. As the embryo continues to diﬀerentiate into a seedling on
day two, staining in lines C2, C4 and C5 was seen to be mostly localised to the dividing
tissues at the root apex, and later the hypercotyl and emerging cotyledons. On days
three and four, staining appeared in the vascular tissue, lateral root primordia and the
shoot apical meristem, again where tissues are undergoing cell division and diﬀeren-
tiation during development. However by day ﬁve, staining could be seen throughout
the developing seedling with strong staining of newly emerging leaves. Thus it seems
that expression from the FPA promoter is spatially regulated during the inital stages
of development, but that a few days after germination that regulation is gradually lost,
and the FPA promoter is seen to drive constitutive GUS expression throughout the
ﬁve-day-old Arabidopsis seedling (Fig. 3.15). Line C4 was chosen as the representative
87
line for the `P' construct.
To check that diﬀerent `P' seedlings from the representative C4 line showed a consis-
tent GUS signal pattern, the timecourse was repeated with three biological replicates
and the same pattern of expression was observed (Fig. 3.16). Thus, it could be inferred
that transcription occurs from the FPA only in diﬀerentiating tissues like the root apex,
cotyledons and lateral root primordia for the ﬁrst few days after germination, but that
this spatial regulation at the transcriptional level is lost around ﬁve days after germi-
nation, as transcription from the FPA promoter is seen throughout the vasculature and
increasingly the surrounding tissues by this point in Arabidopsis development.
3.2.6 `G' Independent Transgenic Lines  PFPA::FPA.eGFP.GUS
A comparison of independent transgenic lines reporting the localisation of the full
length FPA protein with a Cterminal GUS fusion was also conducted. A timecourse
of length of incubation with Xgluc was conducted with ﬁve independent lines. It was
clear that after 816 hours incubation there is no background in tissues not staining at
earlier timepoints, and the signal is the most intense, so 816 hours was an appropriate
incubation time for these lines (Fig. 3.17).
A more detailed analysis was performed in a timecourse of the ﬁrst ﬁve days after
germination was then conducted with the ﬁve independent lines (Fig. 3.18). It can be
seen that the signal in all ﬁve lines reports the same expression pattern in which full
length FPA appears to be tightly spatially regulated, and the regulation is maintained
throughout the time period. For the ﬁrst day or two after germination, the GUS
expression pattern looks similar to that seen in the `P' line: expression at the root
apical meristem, and the emerging cotyledons. However, ﬁve days after germination,
GUS expression was tightly conﬁned to diﬀerentiating tissues (root and shoot apical
meristems and lateral root primordia). Crucially, no GUS expression is seen in the
vasculature at ﬁve days after germination in any of the independent lines. This is a clear
diﬀerence in regulation of the `G' construct from the `P'. From this time-course, it can
be concluded that any of the lines assessed could be carried forward as a representative
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Figure 3.19: The developmental timecourse was conducted as described in Fig. 3.18.
Three biological replicates from the representative line `A3' were imaged for each time
point. From one day after germination, blue signal was seen strongly in the root tip
(indicated with a closed arrow) and the developing cotyledons. Blue signal was also seen
in the anchor root primordia (indicated with an open arrow) from two to three days
after germination, and was seen to decrease in maturing cotyledons, while strong signal
was in the next leaf primordia (indicated with an asterix). Unlike in the promoter lines,
the blue signal remains restricted to these areas and more general expression throughout
the root system was not seen. This made discerning the activation of blue signal where
new root primordia are developing clear at 4 and 5 days after germination (indicated
by additional closed arrows).
91
line for the `G' construct; Line A3 was chosen for further analysis.
To conﬁrm that the GUS signal is consistent between diﬀerent `G' seedlings from the
representative A3 transgenic line, the developmental timecourse was repeated with
three biological replicates for each timepoint (Fig. 3.19). Each biological replicate
showed the same patterns of GUS expression: GUS expression is tightly regulated and
is seen only in meristematic regions (root and shoot apical meristem, cotyledons and
lateral root primordia), and very clearly not in the vasculature, as was seen in the `P'
transformants.
3.2.7 `M' Independent Transgenic Lines  PFPA::miniFPA.eGFP.GUS
Six independent `M' transgenic lines were also subjected to a timecourse to ascertain
the appropriate length of incubation with Xgluc (Fig. 3.20). At shorter incubation
times the signal initially appears to be localised in the same pattern as in the full length
FPA genomic `G' reporter line (Fig. 3.19), but after 16 hours of incubation the pattern
is indistinguishable from the FPA promoter reporter line (Fig. 3.16). It appeared that
the full 16 hour incubation is required for the signal to be strong throughout the plant.
Thus, the `P' and `M' GUS staining patterns are very similar except that the `M' lines
require longer to reach the same intensity of GUS staining as the `P' lines. This could
reﬂect there being less βGlucuronidase fusion present overall in the miniFPA reporter
line. Alternatively, it could be due to the miniFPA.eGFP.GUS transcript or protein
being less stable, or to some co or posttranscriptional regulation of the miniFPA
transgene occuring that is not an issue in the 'P' line, where none of the native FPA
sequence is present in protein being expressed from the transgene.
A timecourse comparing the signal localisation of the GUS signal in the `M' reporter
lines over the ﬁrst ﬁve days after germination reveals that lines B3 and B5 appear to
be overexpressing the reporter, possibly as a result of multiple T-DNA insertions, or a
T-DNA insertion in a highly transcribed region on the genome. However, the other lines
report that the `M' reporter (Fig. 3.21) has an almost identical localisation pattern to
the `P' reporter (Fig. 3.16). At one day after germination, the GUS signal is mostly
92
F
ig
u
re
3.
20
:
M
in
iF
P
A
in
cu
b
at
io
n
ti
m
ec
ou
rs
e.
S
ix
in
d
ep
en
d
en
t
`M
'
li
n
es
w
er
e
gr
ow
n
fo
r
14
d
ay
s
u
n
d
er
lo
n
g
d
ay
co
n
d
it
io
n
s
an
d
st
ai
n
ed
fo
r
G
U
S
ex
p
re
ss
io
n
as
d
et
ai
le
d
in
M
at
er
ia
ls
an
d
M
et
h
o
d
s
se
ct
io
n
2.
7,
ex
ce
p
t
th
e
ti
m
e
th
e
p
la
n
ts
w
er
e
in
cu
b
at
ed
w
it
h
X
-g
lu
c
w
as
va
ri
ed
:
a
ti
m
e
co
u
rs
e
of
0.
5
to
16
h
ou
rs
of
in
cu
b
at
io
n
w
as
co
n
d
u
ct
ed
fo
r
ea
ch
in
d
ep
en
d
en
t
tr
an
sg
en
ic
li
n
e.
A
s
th
e
b
lu
e
si
gn
al
th
ro
u
gh
ou
t
th
e
ro
ot
cl
ea
rl
y
st
ai
n
ed
at
b
ot
h
8
an
d
16
h
ou
r
ti
m
e
p
oi
n
ts
,
8
16
h
ou
rs
w
as
ch
os
en
as
an
ap
p
ro
p
ri
at
e
in
cu
b
at
io
n
ti
m
e.
93
Figure 3.21: MiniFPA developmental expression timecourse - transgenic plants from
six independent lines were grown on plates as detailed in Materials and Methods sec-
tion 2.6.1. A timecourse was begun from when seeds were seen to have germinated
(designated as 1 day after germination), and plants were harvested 1, 2, 3, 4 and 5 days
after germination. Plants were stained for GUS expression as detailed in Materials and
Methods section 2.7, incubated with the Xgluc substrate for 816 hours. Lines A3,
A4 and C4 showed a similar GUS expression patterns to each other and to those seen
in the `P' reporter lines: until three days after germination, a strong blue signal is
seen in the root tip (indicated with a closed arrow) and the cotelydons. Around day
three, the tight spatial control begins to be lost and blue signal is seen throughout the
plants, though it is still possible to discern an increase in signal in the anchor root
primordia (indicated with an open arrow) and the developing leaf primordia (indicated
with an asterix). Line A2 showed no visible signal and lines B3 and B5 showed strong
blue signal throughout the plants at all timepoints and so were discounted from further
investigation as they are likely to be overexpressing the transgene.
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restricted to the root apical meristem, and from two to four days after germination,
the GUS signal is seen mostly in the root apical meristem, lateral root primordia, and
cotyledons - rapidly dividing tissue. However, as was seen with the `P' line, around four
or ﬁve days after germination, GUS expression begins to be seen in the vasculature,
and by day ﬁve there is GUS signal throughout the seedling and no sign of the spatial
patterning seen at the earlier stages. This indicates that the miniFPA transgene is
not subject to co or posttranslational regulation, and behaves eﬀectively like the `P'
construct/lines.
To check for consistency between the GUS staining pattern of `M' seedlings from
the representative A4 line, the timecourse was repeated with three biological replicates
(Fig. 3.22). Expression of the `M' transgene from the FPA promoter occurs in the same
pattern that was seen with the `P' transgenic line; GUS signal is seen in diﬀerentiating
tissues such as the root apex, cotyledons and lateral root primordia for the ﬁrst few days
after development, but that this spatial regulation at the transcriptional level is lost
around ﬁve days after germination, when GUS signal is increasingly seen throughout the
vasculature and surrounding tissues. Thus, the expression pattern from the `M' lines
is eﬀectively the same as the `P' line and diﬀers from that seen in the `G' transgenic
lines. This would suggest that miniFPA is not suﬃcient to act as a proxy for the full
FPA sequence when investigating the co or posttranscriptional regulation of FPA.
3.2.8 Comparison of FPA promoter reporter signal, miniFPA reporter sig-
nal and full length FPA reporter signal during Arabidopsis develop-
ment
The pattern of the GUS signal when expressed under the control of the FPA promoter
is indicative of where and when during Arabidopsis development the FPA promoter is
active. The pattern of the GUS signal when fused to the Cterminus of the FPA genomic
sequence under the control of the FPA promoter is reporting where FPA protein is being
expressed. By subtracting the regions where the FPA protein is made from the regions
where the FPA promoter is active, we can deduce where FPA is being transcribed but
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Figure 3.22: The developmental timecourse was conducted as described in Fig. 3.20.
Three biological replicates from the representative line `A4' were imaged for each time
point. From one day after germination, blue signal was seen strongly in the root tip
(indicated with a closed arrow) and the developing cotyledons, but from day this tight
spatial regulation is lost and blue signal is seen throughout the plants. However, it
is still posisble to discern stronger blue signal in the anchor root primordia (indicated
with an open arrow) from two days after germination, and in the developing leaf pri-
mordia (indicated with an asterix). This pattern is similar to that seen in the `P'
lines, suggesting that the `M' transgene is not subject to co or post transcriptional
regulation.
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is producing no or low levels or protein (Fig. 3.23).
Transcription from the FPA promoter can be seen to be localised to rapidly dividing
tissue for the ﬁrst days after germination. This spatial regulation is soon lost and from
three days after germination, transcription from the FPA promoter occurs throughout
the Arabidopsis seedling except the cotyledon. Conversely, the expression of the full
length FPA.eGFP.GUS fusion protein is seen to be tightly restricted to meristematic
regions throughout. The localisation of FPA protein can thus not simply be explained
by regulation of transcription from the FPA promoter. Therefore, the negative regula-
tion of FPA is likely to occur co or posttranscriptionally and involve APA regulation
of FPA.
When the reporter signal from the GUS transgenes is compared between the FPA
promoter and miniFPA reporter lines, it is clear that the pattern between the two is
almost identical (Fig. 3.23). Initially expression is limited to meristematic regions,
particularly the root apical meristem. This regulation is gradually lost, and by ﬁve
days after development both reporters are expressed throughout the seedling. It is also
clear from both lines that no GUS staining is seen in the hypercotyl, and so there may
be little to no transcription from the FPA promoter. From these transgenic lines, it
would seem that the miniFPA reporter does not contain a suﬃcient length of the FPA
genomic sequence for it to be a suitable substrate for whatever mechanism is involved in
promoting the choice of the proximal polyadenylation site during FPA autoregulation.
3.2.9 FPA expression in root tips
Throughout Arabidopsis development, GUS signal in the `G' transgenic line was
seen to be expressed in the root tips. Comparing the expression seen in the `G' line
Arabidopsis root tips (Fig. 3.24A & B) to a diagram presenting the growth zones
and organ organisation of the Arabidopsis root tip (Fig. 3.24C), the spatial expression
of FPA can be better understood. GUS signal was seen to not be present in either
columella or lateral root cap cells [De Smet et al., 2015], but staining was seen in all
cell ﬁles of the basal and apical meristems. However, the GUS signal appeared to be
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bordered by the transition zone (Fig. 3.24C); it was not seen in lengthening root cells
[Dolan et al., 1993; Sparks et al., 2013; De Smet et al., 2015]. It can also be seen clearly
in Fig. 3.24A that there was no GUS signal in any of the cell ﬁles of the mature root.
Comparing the GUS signal pattern in Fig. 3.24A&B with the zones of inﬂuence of the
plant hormones auxin, jasmonic acid and gibberelic acid (Fig. 3.25BD), it can be seen
that the signal pattern correlates best with putative regulation by gibberelic acid.
3.2.10 FPA Expression in Lateral Root Primordia
In the `G' representative line, GUS expression is seen to be clearly present in lateral
root primordia (lrp), and subsequently in the apical meristems of emerging lateral roots
(Fig. 3.19). To further conﬁrm the spatial patterning of FPA expression, emerging lrp
were examined under higher magniﬁcation in the `G' representative line (Fig. 3.26).
The GUS expression pattern can then be compared to the previously characterised
architecture sequence of lrp development (Fig. 3.26E, reproduced from De Smet et al.
[2015]). Looking at Fig. 3.26A, it seems that FPA is already expressed from stage III or
IV. Although the number cell ﬁles at the stage of lateral root development in Fig. 3.26A
is unclear, from the shape of the primordia, at least one round of periclinal divisions
within the emerging lrp has occurred, and it appears that FPA is expressed before the
lrp emerges through the parent cortex. Fig. 3.26D shows that FPA is still expressed
throughout the lrp at stage VII, as the lrp can be seen to have almost emerged through
the parent cortex when compared to the stages in Fig. 3.26C. It can be seen that FPA
expression continues through lrp stage VIII (Fig. 3.26B), and continues to be expressed
at the apex of the growing lateral root (Fig. 3.26C).
3.2.11 FPA Expression in Adventitious/Anchor Root Primordia
Adventitious or anchor roots are roots which emerge from the shoot of a plant. In
Arabidopsis it is uncommon for anchor/adventitious root primordia (arp) to develop
into roots, and may be just a backup in case the main root is damaged [Lucas et al.,
2011; Smith and Fedoroﬀ, 1995]. It can be seen in the `G' representative line that GUS
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Figure 3.25: A) Diagram showing the early architecture of a developing Arabidopsis
plant [Reece et al., 2011], B)-C) Diagrams illustrating the general zones of inﬂuence of
diﬀerent plant hormones in the Arabidopsis root tip: B) auxin, C) jasmonic acid and
D) gibberelic acid, reproduced from Birnbaum [2003].
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Figure 3.26: Magniﬁed images of GUS signal in lrp in `G' transgenic Arabidopsis grown
for seven days after germination, dotted line shows the root surface. Lrp stages refer
to Fig. 3.26E. A) GUS signal could be seen in early lrp development, before stage V,
B) and C) GUS signal continues to be strong as the lateral root develops, becoming a
new root apical meristem, D) GUS signal is seen at stage V as the developing lateral
root emerges through the parent cortex. E) Figure showing lateral root development
and corresponding cell diﬀerentiation reproduced from De Smet et al. [2015].
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Figure 3.27: GUS stained `G' transgenic Arabidopsis plants, enlarged images to clarify
patterning of the GUS signal. Root tip and lateral root primordia are indicated with
closed arrows, anchor root primordia (arp) are indicated with open arrows and leaf
primordia are indicated with an asterix. A) A plant from Fig. 3.18 grown for ﬁve days
after germination. The arp are clearly stained, and diﬀer from lateral root primordia
(lrp) in that anchor roots are rarely grown in Arabidopsis unless the main root is
damaged [Lucas et al., 2011].
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expression is clearly present in arp (Fig. 3.27).
3.2.12 RNA in situ Hybridisation
WISH assays were conducted with the proximal and distal FPA probes (Fig. 3.7) in
WT Col-0 Arabidopsis seedlings, with both the antisenselabelled RNA probe and the
senselabelled RNA probe as a negative control for nonspeciﬁc background binding.
The aim was to see where each transcript seen on the Northern blot in Fig. 3.1 is
spatially patterned in the Arabidopsis seedling, and whether this patterning is similar
to that seen in the GUS transgenic lines.
The same experiment described above was also conducted on fpa-8 seedlings. fpa-8
is an EMS mutant which is unable to make functional FPA protein, and was shown in
Fig. 3.1 to contain exclusively distally polyadenylated FPA transcript. The aim was to
assess whether any spatial patterning of FPA transcripts seen in the Col-0 WISH assays
is reliant on the presence of functional FPA protein. FPA RNA probes for WISH were
labelled using the Roche digoxygenin (DIG) labelling system as it allows a ﬂexibility
in which anti-DIG conjugated antibody to use for detection, and detection with the
AP-coupled anti-DIG antibody would amplify the signal through an enzyme-substrate
reaction (an ampliﬁcation step not possible when directly ﬂuorescently labelling probes).
3.2.13 RNA in situ Hybridisation  Col0 and fpa-8 Seedlings
The WISH assay was conducted on Col-0 seedlings with sense and antisense forms
of both `P' and `D' probes (Fig. 3.28). There was a strong signal from both antisense
probes at the root tip and that the rest of the root was free of signal. Unfortunately,
the background seen with the negative control sense labelled probes follows the same
pattern, and we were thus unable to corroborate the results obtained with GUS staining.
The WISH assay was also conducted on fpa-8 seedlings with sense and antisense forms
of both `P' and `D' probes (Fig. 3.29). Similarly to the Col-0 experiment, it can also be
seen that there was a strong signal for both antisense probes at the root tip and that
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the rest of the root is free of signal. Unfortunately, the high levels of background signal,
possibly due to non-speciﬁc probe or antibody binding, means that no conclusions are
possible about the spatial patterning of the alternative FPA transcripts in Arabidopsis
seedlings.
3.2.14 GUS Reporters in fpa-8 or FPAox Backgrounds  FPAox Line
Construction
The existing FPA overexpression (FPAox) line in the lab, P35S::FPA.YFP was orig-
inally constructed in a binary expression vector which conferred Basta® resistance on
transformed Arabidopsis. All of the GUS transgenic lines (`P', `M' and `G' transgenic
lines) were constructed in pBGWFS7, a plasmid which also confers Basta® resistance
(Fig. 3.11). To be able to cross these transgenic lines together and easily select progeny
which contain both transgenes, each transgene must confer a diﬀerent resistance, so
selecting successful crosses simply means selecting for plants which display both resis-
tances. To examine the eﬀect of FPA overexpression on the reporter signal seen from the
GUS reporter transgenes previously described, a new FPAox line had to be designed
which confers a diﬀerent resistance. Kanamycin resistance was chosen, because it is
straightforward to screen for seedlings which are resistant or susceptible to Kanamycin
(Fig. 4.12A).
The existing P35S::FPA.YFP FPAox line is in an fpa-8 background, as it was orignally
constructed to test whether overexpressing FPA from a transgene rescued the fpa-8 late
ﬂowering phenotype. As fpa-8 is an EMS mutant, there may be other mutations in the
genome other than the known mutation to the FPA locus. For this reason, it would be
preferable to construct the new FPAox line in a WT Col-0 background.
Futhermore, the P35S::FPA.YFP FPAox line consisted of the full FPA genomic region
including introns. This means that both proximal and distal polyadenylation is possible
from the FPA.YFP transgene. As this new FPAox line was to be used to examine the
eﬀect of constitutive FPA on the spatial patterning of the GUS FPA reporter transgenic
lines, it would be ideal to overexpress FPA from its cDNA sequence without introns,
107
to ensure that the FPAox transgene is not susceptible to regulation by an alternative
polyadenylation mechanism.
As described for the GUS transgenic lines, T1 transformants were selected by the
selectable marker (in this case Kanamycin resistance on plates). T2 transformants were
scored in grids of 100 seeds on Kanamycin media for segregation of the transgene,
with 3/4 of progeny of a heterozygous single insertion T1 parent expected to carry
transgene and so the selectable marker (Fig. 3.12). Independent lines were scored for
3:1 segregation (Fig. 4.12B). To identify truly single insertion lines, Southern blots
were conducted(Fig. 4.12C). To conﬁrm that the lines are truly overexpressing FPA
protein, Western blots were conducted with the antiFPA antibody (Fig. 4.12D).
3.2.15 Root Growth Phenotypes of Lines with Diﬀerential FPA Expression
It has been shown that the diﬀerence in the patterns seen between where the FPA
promoter is active and where full length FPA is expressed is clearest in the root system.
It is especially clear that FPA expression occurs in the dividing cells where lateral
roots are beginning to develop. If regulation of FPA is important in root development
then it is possible that plants with altered expression (e.g. mutant or overexpressing
lines) could show a root phenotype when FPA is diﬀerentially expressed (in mutant or
overexpressing lines) (Fig. 3.19).
To examine root growth, we compared the root phenotypes of wild-type to mutant
and over-expression lines, Col-0 was used as the WT control. fca-9 is an EMS mutant
of the FCA locus [Chou and Yang, 1999], another autonomous pathway gene which
undergoes alternative polyadenylation was used to see if other genes in the pathway
also showed a root phenotype. P35S::FPA.YFP (fpa-8 ) is overexpressing an FPA.YFP
transgene under the control of the 35S promoter with the full FPA genomic sequence
in the fpa-8 background. fpa-7 is a T-DNA insertion in the FPA locus, and fpa-8 is an
EMS mutant in the FPA locus. P35S::FPA.eGFP is the newly constructed FPAox line
(Fig. 4.12).
Seeds were sterilised and sown in rows of 10 on one end of a square agar plate. They
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were then grown vertically for seven days and imaged. The aim was to obtain images
with the roots suﬃciently clearly deﬁned to be able to score the lateral root phenotypes
between mutant lines. If FPA is involved in determining the lateral root phenotype,
the two FPAox lines would be expected to show a similar phenotype (probably higher
density of lateral roots) compared to the WT control. The two fpa mutant lines would
be expected to show a similar phenotype to each other (possibly a decreased density
of lateral roots). If this phenotype is related to the role of FPA as an autonomous
pathway gene, fca-9 might be expected to show a similar phenotype to the fpa mutant
lines.
The line overexpressing FPA cDNA (P35S::FPA.eGFP) appeared to show much more
vigorous growth than all other lines considered. This growth phenotype was observed
in several of the independent lines compared. However, the root growth of the other
lines was variable and they often appeared sickly and stunted (Fig. 3.30); as only the
P35S::FPA.eGFP line was kanamycin resistant, it has been suggested that the media
could have been contaminated with the kanamycin antibiotic. For this reason it was
clear that useful conclusions could not be drawn from the lateral root phenotype of
these plants.
3.2.16 Upstream factors aﬀecting the `P' and `G' GUS reporter develop-
mental patterning
As a member of the autonomous pathway, it is known that FPA inﬂuences ﬂowering
time by downregulating the ﬂoral repressor FLC. Nothing is known about upstream
factors or conditions inﬂuencing the expression of FPA, and identifying these would
assist with understanding the pathways FPA is involved in, and what its function is
during Arabidopsis development, particularly during the ﬂoral transition. The `P' GUS
reporter line characterised in this chapter reports where and when during development
FPA transcription is initiated, and the full length FPA GUS reporter line reports where
and when during development full length (promoterdistally polyadneylated) FPA tran-
script is present, and thus where the FPA protein is expressed. By subjecting these
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lines to a variety of treatments, it should be possible to identify factors or conditions
which aﬀect the transcription or regulation of the FPA transcript. Any positive hits
would be further investigated, with the aim of furthering the understanding of the role
of FPA during Arabidopsis development.
3.2.16.1 Exogenous Auxin
Analysis of the `G' GUS transgenic line revealed that FPA is expressed in dividing
tissues, and particularly at an early stage of lateral root development. This expression
pattern correlates with where and when auxin maxima are known to be during Ara-
bidopsis root development. The eﬀect of growth on media supplemented with exogenous
IAA on `P' and `G' transgenic lines was investigated (Fig. 3.31).
The negative controls of both `P' and `G' transgenic lines contained GUS signal in the
pattern expected; the `G' line showed signal in the root tips, lateral root, anchor root
and leaf primordia, while the `P' line also showed signal throughout the root vasculature
(Fig. 3.31). In biological replicates 3 and 4 of the `G' line, it appeared that there was
also GUS expression in the root vasculature when grown on IAA plates which was not
seen in the negative controls. Although these data need to be conﬁrmed, these results
were interpreted to suggest that, while auxin does not appear to aﬀect transcription
from the FPA promoter, it may aﬀect co or post transcriptional regulation of FPA.
3.2.16.2 Exogenous Aluminium
Previously published direct RNA sequencing (DRS) datasets from fpa-8, fpa-7 and
Col-0 plants were available [Sherstnev et al., 2012]. From these data, ALUMINIUM
TOLERANT 2 (ALT2 - AT4G29860) was identiﬁed as a gene with alternative poly-
denylation sites within the locus. In the ALT2 locus, the preferred polyadenylation site
was altered in fpa8 and fpa7 mutant lines compared to Col-0 wildtype (Fig. 3.32).
In the same direction and overlapping the 3′ UTR of ALT2 is a putative second gene,
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At4G29850. In wildtype, the pA site of AT4G29860 is favoured and in the fpa mutants
the distal pA site is used more frequently. This may be because FPA is required for
correct polyadenylation of ALT2 and when knockedout there is readthrough tran-
scription, increasing the signal at the distal site which may disrupt the function of
ALT2.
To investigate the eﬀect of exogenous Aluminium on FPA expression and regulation,
`P' and `G' lines were analysed after growth on media supplemented with AlCl3 (Fig.
3.33). Again, the negative control `P' and `G' lines showed GUS signal as expected
from previous characterisation. However, in both `G' and `P' plants grown on AlCl3
supplemented media, GUS signal at the root tips was abolished, although it was still
present in the anchor root and leaf primordia. These results suggest that exogenous
AlCl3 aﬀects expression at the FPA promoter in root tip meristems, though it was
unclear whether it also aﬀects co or post transcriptional regulation of FPA.
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Figure 3.33: GUS transgenic lines with exogenous Al3+: `G' and `P' plants were grown
for ﬁve days on MS10 plates supplemented with 1.5 mM AlCl3, negative controls (P- and
G-) were grown on plates without supplements. In both `P' and `G' lines, plants grown
with AlCl3 were seen to have GUS signal (indicated with closed arrows in the negative
controls) at the root tip abolished, and regions of the `P' root system did not show the
GUS signal seen throughout the roots of the negative controls. However, in both `P'
and `G' lines, GUS signal in anchor root primordia (indicated with open arrows) or leaf
primordia (indicated with asterixes) was not aﬀected by AlCl3 treatment.
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3.3 Discussion and Future Work
3.3.1 GUS transgenic reporter line characterisation
The construction of the transgenic GUS reporter lines `P', `M' and `G' has been
described, and the global GUS signal during Arabidopsis development in each line
broadly characterised. It was found that, in Col-0 transformed with the FPA promoter
driving eGFP.GUS expression, transcription from the FPA promoter is reported to be
restricted to the root tips and cotelydons of seedlings one day after germination, but
that this regulation wanes during initial plant development, such that FPA promoter
driven GUS signal was seen throughout the developing seedling by four days after
germination (Fig. 3.16). It was also found that, in Col-0 transformed with the FPA
promoter driving expression of the genomic (introncontaining) sequence of FPA with
a Cterminal eGFP.GUS translation fusion, a similar GUS pattern to the `P' lines was
seen at one day after germination. However, unlike the `P' line, this spatial regulation
is maintained as the plant develops, with GUS expression limited to the root tip, lateral
root, anchor root and leaf primordia/shoot apical meristem (Fig. 3.19). Additionally,
it was found that Col-0 transformed with the FPA promoter driving expression of
miniFPA (exons I - III sequence, inclusive of introns) showed a GUS signal pattern
that mirrored that seen from the `P' line, in that transcription from the FPA promoter
appeared to be restricted to the root tips and cotelydons of seedlings one day after
germination, but that this regulation was lost by two to three days after germination
(Fig. 3.22). It was considered whether this staining could be artefact of meristematic
tissues only containing primary cell walls, and thus being easier for the X-Gluc substrate
to access than the other tissues. However, as GUS signal is seen throughout the plant
tissue, it seems that vacuum inﬁltration enables the substrate to penetrate throughout
the plantlets, it seems reasonable to discount this as the explanation for the patterning
observed.
These results were interpreted to support the hypothesis that FPA localisation during
plant development, at least from two to three days after germination, is a result of co
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or posttranscriptional regulation, as a clear diﬀerence in GUS signal patterning was
seen during development of `P' and `G' transgenic seedlings. While transcription from
the FPA promoter is seen throughout the developing seedling (Fig. 3.16). FPA seems
to be exclusively expressed in meristematic regions, namely the root tips, lateral root
primordia, anchor root primordia and leaf primordia/shoot apical meristem (Fig. 3.19);
this information has implications for our understanding of the role of FPA in genetic
pathways, including the ﬂowering time pathway. FPA, as a member of the autonomous
pathway, is understood to act upstream of FLC in the leaf, but if FPA is seen to
localise to the shoot apical meristem, it could have additional roles in the elements of
the pathway which are known to occur there (Fig. 1.1). GUS signal in the `G' line was
seen to be maintained in the second pair of leaves six days after germination, which
supports what is understood so far about the role of FPA in ﬂowering time regulation
(Fig. 3.18).
To develop our understanding of the spatial patterning of FPA and the implications
for its regulatory roles, further characterisation of these lines is required throughout all
stages of plant development, including analysis of FPA expression in the shoot apical
meristem during the ﬂoral transition. For each line, to further characterise exactly
where and when the GUS signal occurs, it would be useful to repeat the timecourse
experiments with a cell wall stain, so it is clear which cell ﬁle the GUS is active in. It
would also be useful to repeat the experiments with corresponding transverse sections
to see exactly which cells the GUS is present in. It would be particularly interesting to
know whether the `P' line shows GUS expression within the vascular tissue, or in the
tissue layers around (as the surrounding tissues are those which have the potential to
diﬀerentiate into lrp).
That the GUS pattern in the `M' line was seen to mirror that seen in the `P' line
rather than the `G' line suggests that miniFPA is not a proxy for full length FPA
when reporting alternative polyadenylation of the FPA transcript. This is interesting,
because it suggests that there are sequence elements in the 3′ sequence of FPA not in-
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cluded in miniFPA that are required for the recognition of the proximal polyadenylation
sequence in intron I. To identify these, it may be interesting to analyse further GUS
lines with several intermediates between miniFPA and full length FPA to characterise
the minimum length of FPA sequence required to enable to recognition of the proxi-
mal polyadenylation site. This investigation would be coupled with further indepth
analysis of FPA sequence, to identify polyadnylation motifs downsteam of the known
cleavage site in intron I.
3.3.2 In situ analysis of FPA alternative transcript patterning
The RNA in situ hybridisation assays (WISH) would yield useful information if the
experiment could be optimised to suﬃciently reduce the background signal. This proto-
col could be optimised, perhaps initially with probes which have been shown to work in
the literature. Diﬀerent detection methods could also be employed if the AP-substrate
reaction is contributing to the background noise.
3.3.3 Root development phenotype anaylsis in fpa mutant, FPAox and
other autonomous pathway mutant lines
The lateral root mutant characterisation could be repeated, after harvesting a new
generation of all mutants, so that all seed is approximiately the same age at the begin-
ning of the experiment. It would be interesting to know whether spatial patterning of
FPA expression results in a phenotypically scorable function.
3.3.4 Upstream Factors Aﬀecting FPA Spatial Patterning during Develop-
ment.
As mentioned in section 3.2.16, it would be both interesting and useful for our under-
standing of the role of FPA to develop an understanding of upstream factors regulating
its patterning during development. A screen of exogenous factors was initiated; these
initial results are discussed, as well as how they could be followed up, as well as further
exogenous factors and growth conditions for investigation.
118
3.3.4.1 Auxin and NPA
When `P' and `G' transgenic lines were grown for ﬁve days after germination on MS10
plates supplemented with 1 µM IAA, no change was seen in the `P' staining pattern
compared to negative controls, but in the `G' line, some ectopic GUS signal was seen
in the roots which was not seen in the negative controls (Fig. 3.31). This is interesting,
because it suggests that auxin may be involved in the positive regulation of FPA expres-
sion. To further investigate this, a more detailed investigation would be required, with
a timecourse of Arabidopsis developmental stages and a range of IAA concentrations.
Conversely, it would also be interesting to see how, if at all, the FPA developmental
spatial patterning is aﬀected by blocking the plant's ability to respond to auxin with
the auxin transport inhibitor N-1-naph-thylphthalamic acid (NPA) [Casimiro et al.,
2001]. An alternative approach could be to introduce the GUS reporters into genetic
background containing mutations in auxin genes; this would avoid potential nontarget
eﬀects of inhibitor treatment.
3.3.4.2 Aluminium
One gene which is seen to show diﬀerential polyadenylation site choice in whole genome
DRS sequencing datasets is ALT2 ; conversely to FPA alternative polyadenylation, in fpa
mutant lines polyadenylation is shifted to the distal site, while in WT lines polyadeny-
lation occurs preferentially at the proximal site (Fig. 3.32). When `P' and `G' lines
were grown on MS10 agar supplemented with 1.5 mM AlCl3, both lines lost the GUS
signal in root tips compared to negative controls, and `P' lines also showed patches of
roots where GUS signal was abolished compared to negative controls (Fig. 3.33).
This result would need to be followed with a timecourse of `P' and `G' lines after
germination. To assess whether ALT2 is involved in the eﬀect of exogenous Al3+ on `P'
and `G' spatial regulation, a next step could be to cross the reporters into an alt2 mutant
background and compare the GUS signal when these lines are grown with exogenous
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Al3+ to that seen in the `P' and `G' transgenic lines in a Col-0 background. It could
also be interesting to see whether fpa mutant lines reveal any phenotypes when grown
with exogenous Al3+.
3.3.4.3 Pseudomonas syringae eﬀector ﬂg22
FPA overexpression has been shown to reduce Arabidopsis resistance to Pseudomonas
syringae and its eﬀector ﬂg22, and the converse eﬀect of increased resistance was seen
in fpa-8 and fpa-7 mutants [Lyons et al., 2013]. It could be interesting to investigate
this pathway, subjecting the `P' and `G' lines to ﬂg22 treatment to see whether this
aﬀects FPA spatial regulation.
3.3.4.4 Abiotic stress
As little is known about regulatory pathways upstream of FPA expression, the GUS
transgenic reporter lines should be grown in a variety of conditions to screen for any-
thing that may have an eﬀect on FPA spatial and temporal patterning and regulation
during Arabidopsis development. For example, diﬀerent abiotic stresses such as salt
stress, osmotic pressure, glucose concentration, high or low temperatures, modiﬁed
light conditions, etc. could be tested for an eﬀect on FPA regulation and expression.
3.3.5 Analysis of the `P' and `G' reporters in an FPAox background
The next step from the construction of the new FPAox line would be to cross each
GUS transformant into the FPAox line, and select for double transformants. In this
case, if FPA is truly autoregulating by promoting proximal polyadenylation site choice
in its own pre-mRNA, it would be expected in a background constitutively expressing
FPA.eGFP from a transgene that all polyadenylation in the `G' reporter line would
be forced to the proximal polyadenylation site, leading to no GUS signal being seen
throughout the plant. Conversely, in the `P' line, the GUS signal would be expected to
be the same as that seen in a WT background, as the regulation is assumed to be co
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or posttranscriptional, so should not have an eﬀect on whether transcription initially
occurs from the FPA promoter.
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4 Investigating the Mechanisms by which Alternative
Polyadenylation is Regulated during FPA Auto
regulation
4.1 Introduction
4.1.1 Background
As has been previously discussed, the mechanism by which autonomous pathway
members FPA and FCA undergo autoregulation by alternative polyadenylation is un-
known. Of the mechanisms proposed in section 1.5, we wanted to test whether the
second, that the polyadenylation machinery is directly tethered to the favoured site,
is possible. Both FPA and FCA contain a protein-protein interaction domain towards
their Ctermini; FPA has a SPOC domain and FCA has a WW domain. Both also
have RRM (RNA recognition motif) domains towards their Ntermini. It is postulated
that, by interactions mediated by these domains, FPA and FCA are able to directly
tether the polyadenylation machinery to the proximal polyadenylation site in their own
premRNA.
It has been previously described that the MS2 bacteriophage coat protein binds
strongly and speciﬁcally to its binding site, which forms stemloop structures in RNA
[Peabody, 1993]. This MS2 system has been developed as a tethering assay in yeast
[Haim et al., 2007] and as a transient assay in tobacco leaves [Li et al., 2016]. However,
we wanted an investigation which avoided in vitro transcribing recombinant proteins
and analysing Arabidopsis proteins in a diﬀerent species (i.e. tobacco leaves). Thus, a
series of constructs intended to create stable Arabidopsis transgenic lines were designed.
4.1.2 Investigation rationale  FPA
It was envisaged that by inserting MS2 binding sites in the vicinity of the proximal
polyadeylation site in FPA intron I, and coexpressing a fusion protein comprising the
MS2 coat protein and the Cterminal section of FPA comprising the SPOC protein
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interaction domain would facilitate the dissection of the autoregulation mechanism. It
was then examined whether tethering the FPA SPOC domain to the vicinity of the
proximal polyadenylation site is suﬃcient to trigger polyadenylation to occur at the
proximal site. Transgenic plants were constructed in the fpa-8 background, and the
reporter transgene containing the MS2 binding site hairpins was truncated, so there
was no full length FPA protein present in the transgenic plants.
Negative controls for the MS2 coat protein:binding site interaction were created by
deleting the bulging `A' residues from stem loops; this removes the strong aﬃnity of
MS2 coat protein for the binding sites. However, mutations reported to interrupt the
protein interaction domain of the SPOC domain in E. coli [Ariyoshi and Schwabe, 2003]
do not work in Arabidopsis, a negative control consisting of the MS2 coat protein and
eGFP was included to check that any eﬀect seen is speciﬁc to tethering FPA SPOC
and not a side eﬀect of the system.
The reporter transgenes containing the MS2 binding sites were expressed with a
Cterminal RFP fusion, such that if proximal polyadenylation was not triggered, the
distally polyadenylated transcript would be translated into an RFP fusion protein.
Conversely, RFP signal would not be seen if the reporter transgene was proximally
polyadenylated.
4.1.3 Investigation rationale  FCA
A parallel investigation of FCA was also conducted. A reporter consisting of exons I
to V of FCA genomic sequence was utilised, with binding site sequences inserted in the
vicinity of the proximal polyadenylation site in intron III. MS2 coat protein fusions were
constructed with the Cterminal region of FCA containing the WW protein interaction
domain. As a negative control, the domain was mutated to WF as this mutation has
previously been shown to break the interaction between the WW domain and its co
factor FY [Simpson et al., 2003].
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4.1.4 Construct design - FPA
To construct the plants to be analysed for this investigation, a number of transgenes
were prepared (Fig. 4.2). For the FPA investigation this required:
1. The 5′ region of FPA (genomic sequence from the start codon to the end of exon
III) with the MS2 binding site sequence inserted in the vicinity of the proximal
polyadenylation site in intron I. This construct was designed under the control of
the constitutive 35S promoter, and in frame such that a Cterminal RFP fusion
tag could be included via the Gateway® destination vector.
2. A negative control for the binding site interaction, consisting of a construct iden-
tical to construct 1. but with the bulging A residues in the binding sites deleted.
3. A fusion protein consisting of MS2 coat protein followed by the FPA SPOC do-
main region (ampliﬁed from cDNA so as not to include introns), under the control
of the 35S promoter.
4. A fusion protein consisting of MS2 coat protein followed by eGFP, under the
control of the 35S promoter.
4.1.5 Construct design - FCA
Four constructs were designed for the tethering investigation into FCA (Fig. 4.3):
1. The 5′ region of FCA (genomic sequence from the start codon to the end of exon
V) with the MS2 binding site sequence inserted in the vicinity of the proximal
polyadenylation site in intron III. This construct was designed under the control
of the constitutive 35S promoter, and in frame such that a Cterminal RFP fusion
tag could be included via the Gateway® destination vector.
2. A negative control for the binding site interaction, consisting of a construct iden-
tical to construct 1. but with the bulging A residues in the binding sites deleted.
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3. A fusion protein consisting of MS2 coat protein followed by the FCA WW domain
region (ampliﬁed from cDNA so as not to include introns), under the control of
the 35S promoter.
4. A fusion protein consisting of MS2 coat protein followed by the FCA WW domain
region mutated to WF (ampliﬁed from cDNA so as not to include introns), under
the control of the 35S promoter.
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4.1.6 EMS Mutant screen
An alternative and less biased way to resolving an unknown genetic mechanisms
is to devise a mutant screen [Weigel and Glazebrook, 2006]. For this approach, a
line with a selectable marker indicating whether the genetic mechanism of interest is
functioning is required. This line is then subjected to random genetic mutation by ethyl
methanesulfonate (EMS), and the progeny are screened for expression of the selectable
marker. Plants which are selected with impaired function of the genetic mechanism
are then further characterised, with the aim of identifying further unknown cofactors,
ultimately leading to improving our understanding of the members and organisation of
the genetic pathway.
4.1.7 Mutant screen constructs
To apply this approach to dissecting the autoregulation mechanism of FPA, we de-
signed two constructs to create transgenic Arabidopsis lines to be further characterised
as candidates for a mutant screen (Fig. 4.4):
1. A fusion protein consisting of the genomic sequence (including introns) ofminiFPA
(FPA exons I  III) with a Cterminal RFP fusion under the control of the 35S
promoter (Fig. 4.4A).
2. A fusion protein consisting of the genomic sequence FPA with a Cterminal lu-
ciferase (LUC) fusion under the control of the FPA promoter (Fig. 4.4B).
It was also postulated that the `G' construct from previous GUS expression pattern-
ing investigations could also be a suitable mutant screen candidate (Fig. 4.4C). The
advantages of this would be that this line has been well characterised and the transgene
is both detectable, and expressed under the native FPA promoter. The disadvantage
would be the need for an eﬃcient method to analyse mutant plants.
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4.1.8 Mutant screen transgenic lines - miniFPA.RFP
The miniFPA.RFP construct (Fig. 4.4A) was transformed into fpa-8, Col-0, and
FPAox backgrounds to assess whether the transgene was able to report on the function
of the FPA autoregulation pathway. In an fpa-8 background, high RFP expression
was expected, as no functional FPA protein should prevent the selection of the proximal
polyadenylation site in intron I of the reporter transgene. In an FPAox background, low
RFP expression was expected, as the overexpressed FPA protein should force selection
of the proximal polyadenylation site in intron I of the reporter transgene; the resulting
truncated trancript would not contain the RFP Cterminal fusion.
This RFP expression will be assessed by analysing leaves from transgenic plants for
ﬂuorescence in a plate reading spectrophotometer; to eﬀectively conduct a largescale
mutant screen, an eﬃcient automateable screening method would be advantageous.
Ultimately, if these transgenic lines behave as expected, the line in an FPAox back-
ground was to be taken forward to a genetic screen, in which lines showing restored
RFP expression after mutagenesis would be selected for further analysis.
4.1.9 Mutant screen transgenic lines - FPA.LUC
The FPA.LUC construct (Fig. 4.4B) was only transformed into an fpa-8 background,
as it is not possible to analyse how a full-length genomic FPA reporter, coding for full
length FPA protein, behaves diﬀerently between backgrounds with diﬀerential FPA
expression. The LUC activity was to be quantiﬁed and characterised, and screening
would be for lines showing increased luciferase activity after mutagenesis.
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4.2 Results
4.2.1 MS2 Coat Protein for Cterminal Fusions
To create chimeric transgenes with the MS2 coat protein sequence at the Nterminus,
a plasmid was constructed with the MS2 coat protein sequence upstream of unique
restriction sites which could be used to fuse sequences to be tested to the Cterminus
of the coat protein. pBluescript II KS() (Fig. 4.5A) was chosen as the scaﬀold
because it has an extensive multiple cloning site, and allows for blue/white screening
for transformed E. coli colonies. The coat protein sequence, with an Nterminal NLS
(nuclear localisation signal) and FLAG tag, was ampliﬁed by PCR from a plasmid
(Fig. 4.5B). With extensions to the primers, a NotI restriction site was added to the
Nteminus and an XbaI restriction site was added to the Cterminus of the coat protein
sequence. The PCR product was puriﬁed, digested with NotI and XbaI (Fig. 4.5E),
and ligated into a similarly digested pBluescript II KS() (Fig. 4.5D). White E. coli
transformants were selected on AIX plates, as successful coat protein ligations should
have interrupted the blue substrate creating LacZ gene (Fig. 4.5C). It was checked that
selected colonies contained the insert by redigesting with NotI and XbaI (Fig. 4.5F)
and conﬁrmed by sequencing.
4.2.2 MS2 Coat Protein Fusions with FPA, FCA and eGFP Sequences
The Cterminal regions of FPA, FCA and eGFP mRNA were ampliﬁed, omitting
the Nterminal RRM domains (Fig. 4.6A). For insertion into pBlue.CP (Fig. 4.5C),
an XbaI restriction site at the beginning and an XhoI restriction site at the end were
introduced as extensions on the PCR primers. To prepare for ligation, pBlue.CP and
the FPA, FCA (Fig. 4.5B) and eGFP (Fig. 4.5C) PCR products and were digested
with XbaI and XhoI (Fig. 4.6B).
The aim was to achieve translational fusions, in the pBluescript II KS() vector, of
MS2 coat protein with FPA (Fig. 4.7A), FCA (Fig. 4.7B) and eGFP (Fig. 4.7C). These
were checked by colony PCR with M13F and M13R primers either side of the fusion
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(Fig. 4.7D) or by analytical digestions (Fig. 4.7E&F), and conﬁrmed by sequencing.
With the coat protein fusion sequences conﬁrmed in plasmids, the next stage is
to transfer them to a Gateway® entry vector. As previously described (Fig. 3.4),
primers with attB overhangs were designed to form attB cassettes with the coat protein
fusions for recombination into the donor vector. As the intended destination vector
pEarleygate100 has Kanamycin resistance in bacteria, a donor vector with a diﬀerent
resistance was required; pDonr207 has gentamycin resistance in bacteria.
4.2.3 Binding Domain Cloning
A plasmid in the laboratory archives was described as containing the MS2 binding
site sequence enclosed by FspI and EcoRI restriction sites. It was intended to insert the
corresponding restriction sites into the FPA intron I sequence using the Quickchange
protocol, amplify the MS2-containing region of the plasmid by PCR, and ligate the
MS2 binding sites into the modiﬁed intron I sequence.
Unfortunately, after sequencing, it turned out that the archive plasmid did not have
the correct sequence. Synthetic oligonucleotides were ordered with the sequence of the
intended PCR product, but attempts to ligate them into the modiﬁed FPA intron I
sequence failed.
4.2.4 Mutant Screen Constructs
4.2.4.1 Col-0 and fpa8 backgrounds
Transgenic plants were designed to report polyadenylation site choice with the expres-
sion of a visible reporter gene. For the preferred reporter line, miniFPA was used, with
a Cterminal RFP translation fusion. Because it was unknown whether expression from
the native FPA promoter would be suﬃciently strong to reliably score RFP expression
in a mutant screen, the reporter was placed under the control of the CaMV 35S strong
constitutive promoter.
A construct containing P35S::miniFPA.RFP in pB7RWBG2 (Fig. 4.9A) had pre-
viously been transformed into fpa-8 and Col0 plants via Agrobacterium tumefaciens
136
F
ig
u
re
4.
8:
C
lo
n
in
g
-
co
at
p
ro
te
in
fu
si
on
s
in
to
p
D
on
r2
07
.
In
al
l
p
la
sm
id
re
p
re
se
n
ta
ti
on
s
th
e
ge
n
ta
m
y
ci
n
re
si
st
an
ce
is
in
d
ic
at
ed
in
b
la
ck
,
th
e
C
P
se
q
u
en
ce
is
in
d
ic
at
ed
in
p
u
rp
le
,
F
P
A
an
d
F
C
A
n
at
iv
e
se
q
u
en
ce
is
in
d
ic
at
ed
in
b
lu
e,
eG
F
P
se
q
u
en
ce
is
in
d
ic
at
ed
in
gr
ee
n
an
d
at
tB
ca
ss
et
te
se
q
u
en
ce
s
ar
e
in
d
ic
at
ed
in
n
ar
ro
w
b
la
ck
b
ox
es
.
R
es
tr
ic
ti
on
si
te
s
ar
e
in
d
ic
at
ed
w
it
h
d
ot
te
d
li
n
es
.
A
)
C
)
sh
ow
fu
si
on
p
ro
te
in
s
(l
ab
el
le
d
),
am
p
li
ﬁ
ed
fr
om
p
B
lu
es
cr
ip
t
sc
aﬀ
ol
d
s
(F
ig
.
4.
6)
w
it
h
at
tB
ta
il
ed
p
ri
m
er
s.
D
)
p
D
on
rW
W
m
u
ta
te
d
to
p
D
on
rW
F
v
ia
Q
u
ic
kc
h
an
ge
P
C
R
m
u
ta
ge
n
es
is
.
F
ol
lo
w
in
g
B
P
re
co
m
b
in
at
io
n
of
P
C
R
p
ro
d
u
ct
s
A
)
C
)
w
it
h
p
D
on
r2
07
,
E
)
G
)
sh
ow
th
e
p
la
sm
id
m
ap
s
la
b
el
le
d
.
C
on
ﬁ
rm
at
io
n
b
y
re
st
ri
ct
io
n
d
ig
es
t
of
th
e
in
te
n
d
ed
d
on
r
p
la
sm
id
I)
p
D
on
r
20
7.
C
P
.S
P
O
C
w
it
h
S
p
eI
,
J
)
p
D
on
r
20
7.
C
P
.e
G
F
P
w
it
h
E
co
R
V
an
d
X
b
aI
,
K
)
p
D
on
r
20
7.
C
P
.W
W
w
it
h
E
co
R
V
an
d
X
b
aI
an
d
L
)p
D
on
r
20
7.
C
P
.W
F
w
it
h
B
am
H
I.
137
Figure 4.9: A) pB7RWBG2 miniFPA (P35S::miniFPA.RFP): 35S promoter and termi-
nator are indicated with dark blue boxes, Agrobacterium border sequences are indicated
with black boxes, native FPA sequence is indicated in light blue boxes and RFP is indi-
cated with a red box. The Basta® resistance (BaR) is indicated with a brown box and
the Spectinomycin/Streptomyicin bacterial resistance gene (Sm/SpR) is indicated with
a grey box. B) & C) pB7RWBG2 miniFPA (P35S::miniFPA.RFP) segregation analysis
for each genetic background was conducted: T2 seed from four T1 plants of each of four
(A, B, C and D) independent transformations and a positive ((+) - P35S::FPA.YFP)
and negative ((-) - Col-0) were scored for segregation of the BaR gene on MS10 plates
supplemented with 10 µg/ml Basta®; heterozygous segregation of 3:1 was expected.
The percentage of resistant (blue) and susceptible (red) for each line is show, with lines
found to be 3:1 segregating with p≤0.05 indicated with asterixes in a B) fpa8 and C)
Col-0 genetic background.
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ﬂoral dip transformation. Transformants were selected from the T1 generation by spray-
ing with glufosinate ammonia (selecting for the Basta® selectable marker). T2 seeds
from these transformants were sterilised and each sown in a grid of 100 on MS10 agar
plates containing 10 µg/ml Basta® and scored with a chi-square goodness of ﬁt test for
lines which segregated 3:1 for the resistance transgene (and so were likely to contain
just one insertion of the transgene) in an fpa8 (Fig. 4.9B) and Col-0 (Fig. 4.9C)
background.
These hemizygous plants contained at least one copy of the P35S::miniFPA.RFP
transgene and so would be expected to show high RFP ﬂuorescence levels (in the absence
of a functional FPA protein to trigger the alternative polyadenylation autoregulation
mechanism in the reporter transgene). Thus, the T2 seedlings were examined for RFP
ﬂuorescence compared to a P35S::FPA.YFP (fpa-8 ) negative control on Basta
® MS10
agar plates. RFP could clearly be seen in the roots when compared to the negative con-
trol, evidence that the miniFPA.RFP fusion construct was being correctly spliced and
processed, and that in an fpa-8 background, high RFP expression from the transgene
was seen as expected (Fig. 4.10).
It was conﬁrmed by PCR genotyping, with primers indicated in Fig. 4.11A, that the
transgene was present in T3 plants homozygous for Basta
® resistance (Fig. 4.11B).
To see whether analysis of a potential mutant screen based on this line could be au-
tomated by plate reader analysis of RFP ﬂuorescence, a pilot was conducted as de-
scribed in Materials and Methods section 2.6.5, and the RFP emission at 600 nm for
P35S::miniFPA.RFP (fpa8 ) and fpa8 lines presented (Fig. 4.11C).
A further analysis of RFP ﬂuorescence of P35S::miniFPA.RFP in fpa8 and Col-0
with fpa8 and P35S::FPA.YFP negative controls was conducted. It might be expected
that the ﬂuorescence would be lower in the Col-0 background, if the native FPA protein
were able to direct choice of the proximal polyadenylation site in the transgene, but
this eﬀect could be masked by the fact that the transgene expression was driven by
the 35S promoter. In the D1 fpa8 line, RFP expression was not seen despite the line
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Figure 4.11: Genotyping of 3:1 segregating RFP lines and test of automated plate reader
analysis trial - A) P35S::miniFPA.RFP transgene model with genotyping primers indi-
cated with arrows above, B) PCR genotyping of 3:1 segregating lines in fpa8 and Col-0
backgrounds with primers indicated in A, with a positive control ampliﬁed from the
pB7RWBG2.miniFPA plasmid (Fig. 4.9), RFP ﬂuoresence was analysed with excita-
tion 584 nm and emission 607 nm, C) A schematic of the plate reader and raw reads
using leaf discs from transgenics in the fpa8 background (red numbers) and fpa8 with
no transgene insertion (black numbers), and D) Analysis of leaf discs from eight plants
from each genetic background indicated.
141
displaying Basta® resistance and the transgene insertion being conﬁrmed (Fig. 4.11B).
Otherwise, the transgenic miniFPA.RFP plants in both fpa8 and Col0 genetic back-
grounds showed discernibly higher RFP ﬂuorescence than fpa8 and P35S::FPA.YFP
(fpa8 ) negative controls (Fig. 4.11D). However, a high degree of variance was seen in
the RFP ﬂuorescence value measured from diﬀerent plants from the same genetic back-
ground and independent transformation. There was also no clear diﬀerence between
RFP ﬂuorescence in fpa8 and Col-0 backgrounds.
To decide whether this transgene is a candidate reporter to conduct a mutant screen
from, it would be necessary to compare the high RFP ﬂuorescence seen in an fpa8
background to the RFP ﬂuorescence in an FPAox background. It would be expected
that overexpressed FPA protein would force selection of the proximal polyadenylation
site in the miniFPA.RFP transgene, leading to low RFP ﬂuorescence.
4.2.4.2 FPAox background
The available FPAox line, P35S::FPA.YFP (fpa8 ), was constructed with Basta
® resis-
tance. This complicated crossing of the RFP transgenes into this background, as both
transgenes confer Basta® resistance on Arabidopsis. Because of this, a new FPAox line
was designed with a transgene that conferred Kanamycin resistance on Arabidopsis,
and constructed (Fig. 4.12A). It was characterised as a singleinsertion by segregation
analysis (Fig. 4.12A) and Southern blotting (Fig. 4.12C), and conﬁrmed to be overex-
pressing FPA.eGFP protein by Western blotting (Fig. 4.12D). The B4 line was found to
be both singleinsertional and overexpressing FPA.eGFP. However, a successful cross
containing the P35S::miniFPA.RFP transgene in this new FPAox background has yet to
be conﬁrmed. However, results presented in section 3 suggest that this reporter, based
on the miniFPA construct, is unlikely to be a useful reporter for the co and post
transcriptional regulation of FPA.
142
Figure 4.12: A) P35S::FPA.eGFP transgene map, B) Screening T2 transformants for
3:1 segregation, indicating a likely single insertion of the transgene into the genome,
C) Southern blot of three 3:1 segregating transgenic lines (B4, D3 and D4) with two
restriction enzymes (XbaI and ScaI) and a DNA probe to eGFP to identify which lines
contained a single transgene insertion, D) A Western Blot with anti-FPA antibody to
check which lines were overexpressing FPA protein, with an FPAox (P35S::FPA.YFP)
postive and a WT (Col-0) negative control.
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4.2.4.3 LUC mutant screen construct
An additional mutant screen reporter line was designed, with the full length FPA ge-
nomic sequence with a Cterminal luciferase (LUC) fusion, under the control of the
native FPA promoter. As the FPA promoter does not drive gene expression as strongly
as the 35S promoter, the LUC reporter was used, as the ampliﬁcation step of the in-
cubation with its luciferin substrate might be more appropriate for anaylsis than RFP.
The full length FPA sequence under its native promoter has been characterised (section
3), so we could be more conﬁdent that PFPA::FPA.LUC would be a suitable basis for a
genetic screen.
The pBGWL7 vector was chosen (Fig. 4.13), because it has no promoter and is
designed for a Cterminal LUC fusion of a construct transferred from a Gateway® Donr
vector. As this donor vector had been previously constructed for the `G' transgenic line
(Fig. 3.10C), the construction of this new plant expression vector involved a single
LR reaction. This construct (Fig. 4.13B) was transformed into Agrobacterium, and
then into Col-0 and fpa-8 Arabidopsis. Thus far, successful transformants carrying the
PFPA::FPA.LUC transgene are yet to be identiﬁed.
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4.3 Discussion and Future Work
4.3.1 MS2 tethering experiment
Four constructs, each coding for a protein with an Nterminal MS2 coat protein (CP)
were designed and constructed in pDonr207. Two constructs, for the investigation of
putative FPA tethering of the polyadenylation machinery at its own gene locus, included
a Cterminal fusion of eGFP (Fig. 4.8F) or the FPA SPOC region (Fig. 4.8E). A further
two constructs, for the investigation of putative FCA tethering of the polyadenylation
machinery at its own gene locus, included a Cterminal fusion of the FCA WW region
(Fig. 4.8G) and the negative control mutated FCA WF region (Fig. 4.8H). However,
as cloning of the complementary MS2 binding site constructs failed, this investigation
was not completed. Additionally, results obtained from the GUS constructs in section
3 suggested that these miniFPA constructs were unlikely to be processed in the same
way as full length FPA, and were therefore unlikely to be useful reporters.
4.3.2 Mutant screen - miniRFP
A construct of miniFPA in the plasmid pB7RWBG2 (Fig. 4.9A) was transformed
into Arabidopsis, creating Col-0 and (fpa8 ) lines containing a P35S::miniFPA.RFP
transgene (Fig. 4.11A). These were selected for 3:1 segregation of the transgene
conferred Basta® trait (Fig. 4.9B&C). It was conﬁrmed visually that RFP ﬂuores-
cence in the P35S::miniFPA.RFP fpa8 line was discernibly stronger than in a nega-
tive control P35S::FPA.YFP (fpa8 ) line (Fig. 4.10). Transgenic plants in both Col-0
and fpa8 backgrounds were then assessed for RFP expression compared to fpa8 and
P35S::FPA.YFP (fpa8 ) negative controls in a plate reading spectrophotometer, to dis-
cern whether analysis of a putative mutant screen based on this transgene could be
automated by using a plate reader approach (Fig. 4.11C&D).
4.3.3 Mutant screen - future directions
Forward genetic screening remains a powerful tool with which to deepen our under-
standing of genetic pathways in an unbiased manner. To this end, while the miniFPA
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based constructs are unlikely to be useful reporters in such a situation, ﬁnding a re-
porter that is useful would still be a valuable addition to our understanding of FPA
and its roles in alternative polyadenylation. From the results presented here, it is likely
that such a construct would be based on the full length FPA sequence, and probably
under the control of the FPA promoter. This is because the spatial regulation of FPA
has been shown to be tightly regulated during Arabidopsis development (Section 3),
and ectopic expression by the 35S promoter may lead to spurious results in a genetic
screen. The PFPA::FPA.LUC reporter (Fig. 4.13B) is likely to be a good choice, but
the `G' line itself is also an option. However, before analysing such a genetic screen, the
GUS lines in section 3 should be more extensively characterised through all stages of
development to ensure we know exactly where and when we expect to see GUS signal
in the reporter lines. This will allow the precise planning of what samples to take and
when to sample from plants being screened after mutagenesis to identify those with
altered FPA expression.
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